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Abstract

Traditiondly, the “Desgn Spird” is used for the dedgn of ships. The design
spird endorses the concept that the design process is sequentid and iterative. Though this
procedure was very effective over the years the current trend of engineering demands
that more dress be put on the exploration of optimum design. With the advancement of
computing technologies, the onus has shifted from finding better cdculation schemes to
formulaing an economicdly viable desgn scheme One of the objects of the FIRST
project funded by MARITECH was to develop a computer tool to give the best ship
design using optimization techniques.

To achieve that god, the team developed a package that conssts of three
modules. optimization, geometric and a peformance evaduation module. A prototype
MDO tool is developed based on Microsofts COM framework using ATL. With this
desgn, the modules can be modified with minimum programming effort. A geometric
shape manipulation scheme is devdoped in which the hull form was generated by
blending two hull forms. This MDO tool is used to desgn a container ship with the
required freight rate as the objective to be minimized.

A B/D condrant is gpplied to the desgn to get a better structurd design. The
number of tiers on deck (NTgy) is made a design variable to enable the optimizer to have
the flexibility of manipulaing the cargo carrying capacity. Ballast has dso been added as
a design variable to reduce the center of gravity of the ship increasing the GM of the ship.
This feature enables the optimizer to carry greater cargo on deck improving the objective
function.

An effort is made to andyze the efficacy of the MDO tool by varying
various parameters that affect the design. Technology factors have been introduced which
give an indght on effect of key paameters. The effect of another Structura condraint
L/D was dso investigated. This condraint tends to bring down the overdl length and is
inconclusive in its results. Further anadlyss of this condraint is needed to draw usable
conclusons. The linear response surface gpproximation was diminated and the origind

stepwise discontinuous TEU capacity function is employed in the later examples.
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Chapter 1. Introduction

Traditiondly, the “Desdgn Spird” is used for the desgn of ships The desgn
spiral endorses the concept that the design process is sequentid and iterative. Though this
procedure was very effective over the years, the current trend of engineering demands
that more dress be put on the exploration of optimum design. With the advancement of
computing technologies, the onus has shifted from finding better caculation schemes to
formulating an economicaly viable design scheme.

It is not right to say that the design spird is obsolete. In fact, with the addition of
an optimization tool to design, the word “spird” is replaced by “loop’. We 4ill go
through the process of old fashioned design but now we optimize between the resources
to get a ship, which satisfies everybody and without too many compromises. Somehow,
this sounds as if it is the most naturd thing to do. But this process is fraught with its own
unique set of condderations. A ship is practicdly a floating city. So, the lig of design
parameters that can be worked upon for an optimum point —the golden ship - can go on
and on.

One of the objects of the FIRST project funded by MARITECH was to develop a
computer tool to give the best ship desgn using optimization techniques. This was
entrusted to the Department of Aerogpace and Ocean Engineering a Virginia Polytechnic
Ingtitute and State University in Blacksburg, Virginiae A container ship was chosen as the
tet case. Typicdly bulk cariers, tankers and containerships consst of 90% of the
world's commercid fleet. The problem was tackled from an owner's point of view.
Hence, the required freight rate was chosen as the objective.

To achieve that god, the team developed a package that conssts of three
modules. optimization, geometric and a performance evduation module.  Though these
modules are essentidly independent, the user has control over an overal manager. He
can change the initid vaue of design parameters, set bounds and vary congraint bounds
as per his needs. Though he does not know what goes on behind the user interface, he
dill feds secure with the design process because he has overdl control. This sense of
security breaks down when he has access to limited variables and condtraints.

The team is condantly faced with the dilemma of describing the amount of
information the user needs to control. A huge lis of desgn variables and condrants
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makes it cumbersome for the user and the computer. A smdler lig will make him
uncomfortable. So, the team is condantly experimenting on the optimum st of design
variables, congraints and design parameters. What follows is a logica course that was
undertaken during the course of this work to add a congtraint and two design variables to
the existing MDO code,

1.1 Literature Review and Past Work

Ray et d. [1] invedigae a multidisciplinary optimization agpproach to container
ship design tregting the number of containers and speed as fixed parameters in the design
process. A characterigtic of this goproach was the unit method formulation. In the unit
approach, each formulaion could be consdered as one unit independent of the other. An
output of one unit coud be used as the input of another. A set of design variables was
identified usng this agpproach. The objective function was defined as the weighted
average of the building cost, power and ded weight of the ship. Three types of
congdraints have been gpecified: condraints specified by the owner, peformance
condraints and condraint related to the dimensons of the ship. The results obtained by
this formulation and usng a nortliner multi variable optimization tool could only arive
a alocd optimum.

Sen [2] dedt with the aspect of multiple criteria decison making process and
demondrated its use in modeling design synthesis and design sdection Stuations. As ship
desgn involves multi-criteria and both “hard” and “soft” condraints, classicd
optimization techniques cannot be used because they ded effectivdy with “hard”
congraints only. An MCDM approach uses three basc methods to achieve a solution:
weighting methods, prioritizing and efficient solution methods. Devigtiond varigbles are
used as they guarantee using design variables and condraints in the same form. The
objective function should be normdized for numericd dability. A Ro-Ro vessd was used
a an example. Sequentid Linear Programming, Sequentid Quadratic Programming and
Powel’s direct search method were used as the basic non-linear optimization tools
Eleven desgn vaiables were used and the condraints ether st limits on dimensiond
ratios, sability condraints and other technica requirements. The god congraints were
obtaining the ship cgpadty, minimizing the reguired freight rate and minimizing the
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weight of balast. The problem was solved by usng generdized god programming
method including severd linear and non-linear MCDM moddls.

Keane et a. [3] consdered the use of optimization techniques and an integrated
computational approach to ship concept design. The method made us of accepted nava
architecture principles, a sophidicated data base handler and severa optimization
procedures. The system comprised of a desgn control module, an optimizer, some desgn
modules, a data base handler and auxiliary modules. However, some key aspects
including cost, sea keeping, structures etc., were not represented.

These references formed the bass for the development of the MDO project.
Recent trends in the ship design process indicate a strong inclination towards the use of
optimization routines. The problem was divided into units to identify design variables
and andyss routines for the different aspects of ship design. Condraints have been
identified that relate to geometric dimensons, dability criterions, ship cgpacity and
powering requirements. Basic optimization routines have been used to design the ship.

Vikram Ganesan [4], a former member of the research group explored the aspect
of having the number of containers and speed as a vaiable parameter. Vaying the
number of containers with the dimensons of the ship and setting the speed as a design
vaiadle have accomplished this The thess provides a comprehensve analyss on
building and operation cods for a container ship. These principles have been
implemented as andlysis tools to develop the software mode to design container ships.

Ying Chen [5], another member of the team has investigated aspects concerning
weight formulation, resstance, stability and cost edtimates These have been put into
practice as andyss modules that form the bass on which the tool was. These modules
have been developed by using empirical and experimenta results that conform to existing
ship data.

1.2  Introduction to Current Work

With this thess, further advances have been made to the software tool that was
developed by the FIRST team. An additional congraint is imposed that helps the user to
ensure sructura gability. Two new design variables have been introduced that dlow the

optimizer to have the flexibility to determine the cargo to be caried. Tools have been
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developed which help to assess the results of optimization. Investigations on factors that
affect the results have been provided.

Chapter 2 discusses the overadl organization of the project. The chapter provides
an indght into the Sructure of the anayss modules and the user inteface. A flowchart
discusses the solution methodology and a wiring diagram indicates the data flow in the
andyssmodules. A diagram illustrates the process flow with respect to the modules.

Chapter 3 deds with the problem formulation of this software tool. The design
varidbles and condraints are discussed in this chapter. A new dructurd condraint is
discused in chapter 4. With the addition of this condraint, the ships obtained from the
results of optimization are more consgent with stable ships. Figures dso illudrate the
need for such a congraint and the results of adding this congtraint.

Chapters 5 and 6 ded with the incluson of two new design variables. Number of
tiers on deck and balast have been added as design variables. Examples show the effect
of each variable on the overal design independently and together. Three tools have been
included into the design process that help evauate the results of optimization. Ingght into
them is provided in Chapter 7.

Chapter 8 discusses the effect of technology factors on the overdl desgn. Certain
parameters can be varied to improve the desgn based on the advances in technology.
Examples of such factors and their effect on the desgn are shown.

Three different sets of examples are discussed in chapter 9. These examples
illugrate the flexibility of the design process. The sas of examples include the effect of
key parameters on the desgn, the investigation of another Structurd condraint and the
effect of usng a depwise discontinuous TEU capacity function in place of a linear
response function.

Chapter 10 concludes by summarizing the sdient points of this thess and dso

provides direction and scope for further advances in the software tool.
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Chapter 2: Organization of the Project

21  Design Overview:

This project involves the development of a software tool for the multi-disciplinary
optimization (MDO) of a contaner ship. This desgn process is multi-disciplinary in
nature because various modules like economics, geometry, hydrogtatics etc. are taken into
account in the design. As this is a software tool, specid attention is given to the user
interface. This interface is provided to the user to change the lig of initid vaues and
bounds for the design variables toggle condraints and specify their limiting vaues. The
interface can dso be used to change the optimization and performance parameters. There
is flexibility to change various design paramees that ae beng used in empiricd
reaions in the peformance evduation. The inteface dso has buttons that can hdp in
viewing the results of the output. The outputs include the find results of optimization and

the iteration higtories of the design variables and various design parameters.

2.2  Component Mode:

This software tool is bascdly divided into three types of components. the
optimization components, the geometric components and the peformance evauation
components. The idea behind the component models is that they can be independent of
each other if necessary. Although the software tool is currently developed explicitly for
the design of a containership, it & not very cumbersome to graduate to the design of any
other ship. The function of the optimization component is to return the minimum vaue of
the objective function given the condraints and design variables. Two popular classes of
dgorithms for the optimization process are gradient-based and genetic dgorithms. In
genetic dgorithms, an initid set of dedgn variables is ordered by ther objective function
values. A succeeding generdtion is obtained by random varigtions of the better designs of
the previous generation. This process is continued until not much change is noticed in the
objective function between succeeding generations. In  gradient-based dgorithms,
changes in the objective function are evaduated with respect to smdl changes in the
desgn vaiables and the new vector of desgn variables is obtaned in the direction of
lower objective vdue. Genetic agorithms are practicdly redricted to parametric andyss
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methods by the computationd time required. In the current formulation, firg principle
andyss codes ae to be employed and hence gradient-based agorithms are used.
Gradient-based dgorithms cannot ded with discrete variables and discontinuous design
gpace. This component is provided with the values of the desgn variables and the values
of the condraint functions. The respective search directions of the design varigbles and

the condraint functions are then calculated to give the new design variables.
X*=x+| S (2.1)

Where i is the iteration number, X represents the vector of desgn vaiables, | is the step
length and S is the new search direction. This process starts from X°, the initid st of
design vaiables as determined by the user. The search direction determines the direction
of the next design point and the ¢ep length is a measure of the distance to be moved in
that direction. The search direction S should be both usable and feasble. Usdbility
implies that the direction should be such tha it reduces the objective function and
feadbility means that no condraints are violated in the search direction.

The geometric modules generate a smooth hull form based on a NURBS (Non
Unifoom Rationd B-Spline) surface expresson. Then, a mesh of offsats is cdculaed
based on the NURBS net. The hydrostatic particulars of the ship are dso cdculated. The
performance evauation components caculate the technicd and economica performance
of the containership under question. The technica aspects of these components include
resstance, propulsve efficiency, powering requirements, stability, container cgpacity and
ship weight. The economic aspects include the building cost, operating cost and the
required freight rate of the ship. All these evauations require parameters that can be input
by the user at the Sart of each iteration.

Figure (2.1) gives a flowchart of the MDO project. This flowchart indicates how
the problem is organized. The user is required to input the initid design variables. Then
the geometry module develops the hull shape based on the vaues of design variables
followed by the cdculation of the hydrogatics. The performance of the ship generated is
then evduated. Once the ship desgn is avalable, the desgn is checked agang
condraints and it is determined if the design is within the condraint boundaries. If the
condrants are satisfied, it is checked to see if the minimum possible objective function is
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reached. This is checked by comparing the objective function of two Successve
itertions. If the objective function vadues ae gmilar, then it is assumed tha the
minimum vaue is reached. The optimizer aso checks the gradients of the condraint
functions and terminates the iterative process if the gradient values are too smal (degree
of smal is user defined). This process is repested until a minimum objective vaue is
achieved or a maximum number of iterations (specified by the user) have been reached.

The results of the optimization process are then output for further andyses.

Design Variables

[

Geometric Module

Ship Surface

Hydrostatics

l Optimization
Module
(DOT)

Performance
Evaluation

Objective
Function Value

Are Constraints
Satisfied?
yes

Is objective value
The minimum?

yes

Figure 2.1 Flow Chart of the MDO Project.

2.3  Software Overview

The computationd code consgs of a number of andyss modules, an optimizer
and a user interface. The code is written in a Microsoft Windows NT environment and
Microsoft’'s Component Object Model (COM) framework for the anayss modules. This
was done to make the MDO tool compatible with a larger FIRST software code, to which
it will be integrated. FIRST sands for - Firs Principles Approach for Shipbuilding
Integrated Process and Product Development. The goa of the FIRST project was to
develop an integrated computationd desgn environment tha would endble the ship
designer to reduce the time needed to produce and andyze dternate ship designs at a high
levd of detal. Active Template Libraries (ATL) have been used to generate the COM
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modules. Each of these modules acts as a server independently and exposes
functiondities to clients through interfaces. COM concepts ingst that interfaces should be
immuteble.  Hence, once the interfaces are fixed, the implementation can change in one
module without redly affecting code in the rest of the modules. This kind of framework
is important for both MDO and FIRST as they were being developed smultaneoudy.
Hence, the tools that were to be developed by the FIRST team and to be used in MDO
were not yet available. So, surrogate modules were written with the same interfaces as the
high fiddity ones Smple, yet proven and published parameterizations were used for the
surrogate modules used in MDO. However, many of the parameters and coefficients used
in MDO had to be updated to reflect current trends in costs and construction practices.

ATL COM modules have been written in C++. A man progran cdled the
optimizetion manager manages thee andyss modules The optimization manager
receives information from a user interface and directs them to gppropriate modules in the
right order. Both the optimization manager and the user interface have been written in
Visuad Badc. The user interface presents a sandard set of MS Windows menus. The user
can browse through the set of available input files and sdect one for andyss and can aso
save an input file. The text input in the input file is presented in various forms for essy
resdability. The user can dter the initid design varigbles or can resst the bounds. The
user can toggle the condraints and set thar minimum or maximum vaues. The use is
adso given the option of changing the parameters used in the andyss or adjuging the
parameters controlling the operation of the optimizer. Once the process of optimization
dats, the user can graphicdly see the change of the objective function through the
iterations. The form containing the desgn variables dso houses the current vector of
desgn variables and the current vaue of the objective function as the optimization
process poceeds. This tool gives an idea of how the optimization is proceeding. The user
is dso provided with the option of stopping the optimization, changing the design vector
and dating from that postion. Once the process of optimization stops, the user can
verify the desgn by restarting from the current set of desgn variables. The current vector
of desgn variables then becomes the initid vaues for the new iterations. After the user is
satidfied with the design, a menu option dlows himher to see the find result in text
format or view the iterdtion higory of some of the important parameters in an Excd
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sheet. Figure (2.2) illudrates the data flow in the andyss modules, which are COM
objects. The arrow indicates the direction of data flow between each module.

Seakeeping Weight
Module Module
Input
Module Output
Module
Economics Container
f Module Module
.Sel ect Geometry Method Optimization
<+ Module ¢ f
¢ ¢ ObjConstraint Propulsion
Geometry Blending Module Module
Wizard Module f
f # ¢ f Mesh Hydro Resistance
NurbsModule ~ ———p| Module Module Module

Figure 2.2: Organization of the Analys's modules.

The optimizer was chosen to be the Desgn Optimization Tools (DOT) package
from Vanderplaats Research and Development. Dot gives the choice of three gradient-
based optimization dgorithms  Modified Method of Feasble Directions (MMFD),
Sequentia Linear Programming and Sequentid Quadratic Programming. It is ascertained
that for this gpplication, the fastest agorithm, which dso gives the most reasonable
results, is the Sequentid Linear Programming. The DOT Fortran subroutines have been
made into a COM object by writing a C++ wrapper code around the DOT Fortran source
code.

Figure (2.3) is a wiring diagram, which gives an overview of the entire system.
This diagram illugrates the podtion of parameters in the whole picture. The location of
condraints and the flow of data are aso vishle. But, only a few key parameters used are
shown. Here, it can be seen that most of the modules are generd in nature and only the
weight and the container modules are specific to a particular ship. In Figure (2.3)
congraints are in heavy boxes while the parameters are in dashed boxes.
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Figure 2.3: Genera Condruction of the Software system.
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Chapter 3: Problem Formulation

3.1  Objective Function:

The objective of the optimization process is to design a container ship. The man
emphasis of the problem is to desgn a ship with maximum economic returns keeping in
mind the dability and dructurd requirements of the ship. Bearing this in mind, the
required freight rate was decided upon as the objective function. The freight rate is the
money charged by the shipping company per unit weight of cargo carried over a unit
digance. In this context it is ussful to define a required freight rate thet is the minimum
freight rate that must be charged to break even over the life of the ship. Optimization is
used to minimize the required freight rate (RFR) that is caculated as dollarSmetric
ton/nauticd mile. Here the metric ton is a unit of cargo and the nautical mile is the unit of
digance travded by the ship. By intuition, one tends to maximize the freight rate.
Practicdly, any freight rate above the required freight rate would lead to profits.

Before the dat of the optimization process, the optimizer cdculates the initid
vaue of the objective function. This initid vaue of the RFR is cdculated from the initid
vadues of the dedgn variables that are entered by the user. The objective function is
normdized by the initid vaue of RFR. This is done because the magnitudes of an
unscaed RFR can vary a lot. This results from the variation in magnitude of the design
varidbles. The optimizer calculates a search direction that is the direction in which the
optimization should proceed in the next iteration. Usudly, this direction is a direction of
minimizing the objective function subject to the condraints gradient. If the condraint
gradients vary a lot in magnitude, then the optimizer will not be able to judge the
direction. The condraint with the largest magnitude will define the search direction. The
optimization process stops when the largest component of the search vector is smdl in
magnitude. Here the magnitude of the objective function has to be dmilar to the
megnitudes of the condraints and the desgn variables. If it is not normalized, then the
optimizer may give different solutions for different initid vaues of the required freght
rate. This is because the search direction might be different for various scdes of the
initid vaues. The reaults are then inconagent. Among the many ways in which the RFR
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can be normdized, the initid vaue was chosen as the benchmark because that vaue is
readily available for use in succeeding iterations.
The objective function for the MDO andyssis defined in the following manner.
Objective function: Minimize F = RFR/RFR (31
Where,

RFR = Required Freight Rate

RFR = Required Freight Rate at theinitia design point.

3.2 Design Variables:

The software desgn is being evduated with a container ship modd but the
software can be applied to a broader spectrum of ships. Here, the design variables involve
principa dimensions that can determine dl the basic parameters for the ship design. The
current software design however can incorporate new design variables as need be. Most
of the design varigbles are geometric properties of the ship with the exception of speed.
The speed of the ship is the cruising speed. It is assumed that this is the average speed of
the ship during its journey. The blending coefficient is used to generae a suitable hull
form &fter blending hulls of different shgpes. It is essentidly a weghting factor, which is
gpplied to the node points of the basis hulls. The bass hulls are fully devdoped hulls that
save as quiddines for the deveopment of succeeding hulls. More detals on blending
will be presented in alater section.

Table 3.1: Lig of desgn variables

Design Variable Units Explanation
Loa Meters Length Ovedl
Beam Meters Tota Molded Breadth
Depth Meters Tota Molded depth
Draft Meters Totd Dreéft.
Speed Knots Speed of craft; the speed is
processed in Vs though.
Ci None Blending coefficient
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This lig of varigbles forms a subset of the totd ligt of variables needed to form a
ship. This lig congsts of the man geometric parameters and will be present when
desgning any ship. Usng these varidbles and some other parameters, the initid design of
ay ship can be compleed. Typicdly, the hull, light ship weight and dability
characteristics can be determined by formulas based on experiments and actua ships. But
this lig lacks the varidbles tha are necessxry for the desgn of contaner ships in
particular. To address these parameters, new design variables have to be incorporated in
the andyds to determine the specifications of a container ship. Once a ship’s purpose is
defined, the other specifications like weight and economics can be determined.

3.3 Condraints

(@ Equality
Weight = Digplacement (3.2

This is the badc condrant in every ship. In the current formulation, this equdity

congtraint is enforced as two inequality constraints expressed below.

Weght

i) ————-1.0<0.0 (3.3
Digplaceme nt
iy 10- M 49 (34)
Displaceme nt

Due to the above formulaion, there is a disparity between the vadues of weght and
displacement. But this vadue is negligible compared to the actud vaues. The error
percentage is less than 1%. The tolerance for this congraint can be reduced even further
by changing the tolerance factor if need be.

(b)  Sability

1. GM 2 GMmin [14] (3.5)
GMmin is cdculated by the wind hed criterion st by the US Coast Guard. This

dability condraint is formulated as the following:

g= 1.0- GM
GM

. When GM << 0, thevaue of fg/fB, the derivative of g with respect

min

to beam can become posgtive due to the dependence of GM,, on the beam. This implies
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that to achieve dability, the beam has to be decreased. But to have better transverse
dability, the beam has to increase. So, this is not the way the optimization has to proceed.
To overcome this dtuation, GMu, is held & its initid vaue as long as GM < 0. Thus the
dependence of GMpmin on the beam is overcome until GM >= 0. Once this condition is
satisfied (GM > 0), GMmin, is calculated with respect to the current design variables.

2. Freeboard >= Freeboardmin [14] (3.6)
Freeboardmn is also caculated by standards set by the US Coast Guard. Freeboard is the
difference in depth and the draft. A minimum freeboard is needed to prevent flooding of
the deck in most cases.

(© Geometric Congtraints

1 Draft/Depth > (Draft/Depth) min (3.7)
This condrant ensures that the hull mantans some minimum reasoncble

immersgon. This minimum draft is required for the proper propdler immerson. The

minimum vaue of the ratio can be changed by the user and this congraint can be toggled

in the interface.

2. Draft/Depth < (Draft/Depth) max (3.8)

This makes sure that draft is less than the depth. Even though there is a minimum
freeboard condraint in use, this condraint ensures that draft is never more than a certain
percentage of the depth. Different ships might have various draft requirements based on
the use and on the waters through which it traverses. (Draft/Depth)max hes maximum
vaue of one to ensure that draft never goes above the depth.

3. LoalDepth > (Loa/Depth) min (3.9)

This condition is required by the formula to cdculate the hull sed weight [11]. Having
this congraint ensures that the hull sted weight is caculated correctly.
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d) Transverse Ralling Period (TRP)

1 Transverse Ralling Period > (TRP)min (3.20
The transverse rolling period can dso be used as a condraint to keep GM from getting
too big. The TRP is dso directly proportiond to the GM of the ship and is hence
undefined for GM < 0. So, when GM < 0, the TRP is cdculated as an even function of
GM. The minimum vaue of TRP can beinput by the user.

Table 3.2 gives afurther ligt of optiond container ship congraints.
Table 3.2: Container Ship Congraints

Parameter Default Value
Maximum Digplacement (ton) 70000
Maximum Shaft Horsepower (HP) 60000
Minimum Container Number (TEU) 2000
Maximum Container Number (TEU) 20000

34  Condraint Tolerance

The condraint tolerances have to be defined because dl cdculaions ae
peformed numericdly and not andyticdly. Hence, the optimizer has to be given a
corridor; if the congraint vaues lie within that corridor, it can be decided whether the
condraint is active or violated. A condraint is defined to be violated if the condraint
inequdity is not sidfied i.e, if the vaue of the condraint function is grester than the
vaue of some tolerance. The condraint is sad to be active if the absolute vaue of the
condraint is close to zero and has a decisve effect on the design of the sysem. DOT
defines two parameters to define congraint tolerances — CT and CTMIN with default
vaues of —0.03 and 0.003. These vaues can be changed by the user as required for the
andyds. Snce DOT dandards for normdization are dso wired into the optimization
manager for desgn variables, objective function and condraint functions using the
default vaues for constraint tolerances gives acceptable results of optimization.

Condraint is activeif CT<g£ CTMIN
Condraint isviolated if g > CTMIN.
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By default, the optimization proceeds until al the condraints are within ther
tolerances and the objective vaue is within tolerance limits for two successve iterations.
This termination festure can adso be manipulated by the user a the dat of the
optimization process in the user interface. But, typically convergence for two successve
iterations is both necessary and is for most of the andyss a sufficient condition for the
completion of the optimization process.

35  Scaling

The desgn vaiables have been scded in the formulation to fecilitate the
compatibility of dl the parameters involved. The magnitudes of the design varigbles may
differ a lot. As an example, length may vary in the order of 10% while the order of draft
might be 10 and that of blending coefficients are 1.0. The scaing factor used is the one
defined by DOT. The scaing factor is applied to the desgn variables before they are
supplied to the optimizer. Table (3.3) gives the scding factor and vaue after scaling for
the desgn variables As indicated, there is no definition for scding factor for design
vaiables tha ae very smdl in vdue In the current lig of desgn variables, only the
blending coefficient can take redigtic vaues that are smdl. Hence there is no scding that
is gpplied to the blending coefficient.

Table 3.3: Scding Factor for Design Variablesused in DOT

Original Value Scaling Factor Value after scaling
Largest (in order of 10") 10" 1.0~10.0
Larger than 1.0 Reciproca of the origina 1.0
vaue
Lessthan 1.0 1.0 Same asthe origina vaue

3.6 Normalization of Congtraint functions

As a generd rule of any optimization process, the congraint functions have to be
formulated in such a way tha the vaue of the functions does not vary a lot from a
specified congtant, typicaly zero. As defined before, DOT has to determine whether a
condraint is active or violated. The optimizer cahnot estimate this if the vaues of the
functions vary in magnitude. They are dso normadized so0 that tolerance bounds need not
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be defined for each condraint. DOT has a dngle set of tolerance bounds for al the
condraint functions put together. Once the functions are standardized, they can be
compared to one another. This is essentid in determining a stable search direction. This is
achieved by pulling active and violaed condrants from the lot of functions and
developing a direction to appropriately satify the violated condraints firs and then
addressing the active condraints. Care is taken to see that active condraints are not
violated. A watch is aso kept on the nonactive condraints during optimization. If the
condrants are not normdized, the condrant with the largest dbsolute vadue might
determine the direction of the new iteration. However, this might not be right because a
condraint vaue might be smal in absolute terms but it might Hill be active or violated on
a rdaive scde to itsdf i.e, for exanple if the vdue of a condrant in the current
iteration is 5 and in the succeeding iteration, it is 10, then the vaue is not high but it is a
100% incresse compared to the vaue in the previous iteration. Hence, the condrants
have to be normdized to ensure a congtant scae of comparison and evauation for active
or violated behavior. Table (3.4) gives the formulation of condraints after normdization
for DOT. Here, it isassumed that A>0.

Table 3.4: Normdization of congraints for DOT

Condraint Formulation for optimization Normalization for DOT
A£B A-BE£O 1- % £0

3.7  Hull Geometry Manipulation

Blending is a process by which blending coefficients (weighting factors) are
aoplied to bass hulls to generate the hull for the current problem. The hull is represented
as a barycentric blend of basis hulls. This is done to control the hull shape tha is being
generated. The blending is applied to the NURBS net points on the bass hulls. These
points are then used to generate the mesh for the entire hull. So, the process of blending
produces a hull that is a mixture of hulls that are dready defined. But this blended hull
has to be scded to conform to the current set of design variables. This is done before the
net points are processed for the mesh points. Scding is achieved by dividing the
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respective new points from the new hull with the maximum vaue of the net-coordinates
(which gives the vaue of length/bean/depth). These vaues are then multiplied by the
repective vaues of the design varidbles from the current design. For example, to
caculate the scaled x-net point:

X - Nt point = X - net point (from blending) * Length (Basis Ship)
Length (Current Desgn Varigble)

The Length of the bass ship is found by parang through the xnet points of the basis ship
and finding the maximum vaue. To scde the beam, this process is gpplied to ynet point
and to scae the depth it is gpplied to the znet point.
During the process of blending, it is ensured that the sum of the weighting factors
isequd to one. The process of blending can be represented in the following manner:
Resultant ship hull =a C,, BassHull,
Where,
ach=10
and,
0£C,EL1, n=12...,N.

where, N represents the number of basis hulls being used to generate the new hull. This
kind of formulaion ensures that the hull resulting from the blending process is redtricted
to the hull shape space that is bounded by the sat of basis hulls. This means that the hull
form generated after blending is not an extrgpolated form of the exigting hulls.

The Blending coefficients C, are the design variables that manipulate the hull
shape. In the current formulation, the hull shape is generated by two bads hulls. This
would indicate that amini mum of two blending coefficients is required. Due to the
congraint & C,, = 1.0, the number of design variables needed is one.
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Chapter 4: A New Condraint

4.1  Background

The more important geometric ratios that define a ship's particulars are the ones
that involve various combinaions of the principd dimensons. Experience shows that
successful ships have certain bounds on these geometric raios that make it dructurdly
sound [6]. In the previous formulation, there is no condraint that addresses the Sructurd
agpect of the dedgn. The important dimenson ratios are length/beam, draft/depth,
length/depth and beam/depth. The optimization results aways tends towards the longest
and the broadest ship. That is so because a longer and broader ship would mean a greater
cargo carrying capacity of the ship and will be stable. But the same does not gpply to the
depth of the ship. The optimizer prefers to carry cargo on the deck rather than below the
deck because of added sted weight as a result of increase of depth. Figures 4.1-4.4 show
results obtained from the optimizer and ratios from actud ships. The optimized result
shows a lage vaiaion from the actud ships with respect to the beam/depth and
length/depth ratio. All the other ratios are comparable to the ratios caculated from actud
container ship data. This is because the depths of ships obtained from the results of
optimizetion ae less than actud ships with comparable lengths and beams. The
beam/depth ratio for good sructura integrity lies between 1.5 and 2.0. Wheress, the
ratios obtained from the MDO formulation discussed above was in excess of 3.0.
Smilaly, from Fgure 4.2, it is evident that for better structurd drength, (L/D) ratio
should lie between 10 and 15 whereas, from the current MDO problem formulation, this
ratio is in excess of 30. As the depth of the ship is increased, the length/depth ratio would

aso improve. Hence there was a need to add a new structurd constraint.

4.2 Formulation of a new congtraint
A new dructura condraint on the geometry was formulated in the following way:
Beam Beam
<

Depth (Depth Jra 43

or 1- (%)/(g) <00 (4.2)
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It was not necessary to define a lower bound for this particular ratio because of
the nature in which the optimization proceeds. The optimizer tends to increase the vaue
of the beam and decrease the depth. Hence the upper bound of this ratio has to be
congrained. The user can interactivdy input the vaue of (B/D)nax a the dart of the
optimization process. This gives him the necessary freedom to control the extent to which
the depth might increase. With the enforcement of the B/D condraint, the depth would
gonificantly increese. This would meen that the L/D raio would dso diminish and
assume acceptable proportions. Examples with the L/D congraint are dedt with in a later
chapter.

4.3  Evaluation of Congraint

On the addition of this condraint, the results generdly obtained followed a
definite pettern. They were usudly “short ships’. Here the term “short” refers to the
length between perpendiculars of the ship and is reative to the results obtained earlier
usng MDO. The length of the optimized ship was leduced by amost 30-40 %. Due to
this vast reduction in length, the cargo carying cepacity was reduced and the
displacement of the ship reduced. This would mean an increase in KM (distance between
ked and metacenter) and hence an increase in GM (distance between center of gravity
and metacenter). The optimizer chose to reduce the length of the ship to make it more
dable. The addition of the B/D congraint prompted an increase in the depth of the ship.
Hence the containers carried below beck have aso increased. The number of tiers below
deck is formulated as a monotonicdly increasing variable with respect to the depth.
Smilarly, the number of tiers above deck increases with respect to the beam of the ship
(Equation 4.1). As the sted and cargo weight increased below deck, there was a step up
of the center of gravity of the ship. To compensate for this increase in CG, the optimizer
had to decrease the cargo being carried on deck. Reducing the number of cargo carrying
tiers on deck can do this. At this point, the optimizer has no means to decrease the
number of tiers on deck. A decrease in the length of the ship will prompt a decrease in the
overdl cargo being caried, as the beam does not change appreciably. As the other
economic parameters were not changed, the required freight rates obtained were much
larger than previous results (Table 4.1). This was because of added sted weight and

lesser cargo being carried. The lesser cargo is due to the decrease in length of the ship.
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The dability condraints were ill active but now the optimized ships were more
gructurdly sound but not necessarily economicaly vidble As the desgn is for a
container ship, the economic viability is an important criterion in determining the various
design parameters.

On observation of the results obtained (Table 4.1), it was found that the length of
the ship reduced and there was an increase in the velocity. There are two ways in which
the optimizer can ensure the stability of the ship. First, it can increase the KM (I¢/N).
Second, it can reduce the CG of the ship. The optimizer atempts to do both. As discussed
ealier, decreasing the length of the ship decreases displacement and hence increases KM.
The other option is to increase the speed of the ship. The CG of the engine plant is lower
than the CG of the ship. So, there is dso an increase in the engine plant mass that is
brought about by increasing the capacity of the engine. The increase in speed prompts an
increese in the engine plant mass, which is good for the dability of the ship but an
increase in gpeed increases the required SHP. This increases both the machinery building
cods and the annud operating costs (increesing fud costs). The find design achieved by
this desgn though feasible is not practicd. Hence, it was decided to make the load
carrying capacity of the ship avariable.

Table 4.1: Evduation of B/D Congraint

Design L ower Upper Initial NoB/D |B/D<20| B/D<25
Variables Bound | Bound Value | Condraint
Loa (m) 130 300 200 299.979 172.474 300.0
Beam (m) 18 40 30 39.992 40.0 40.0
Depth (M) 15 35 20 15.002 20.0 16.0
Draft (m) 4 20 15 10.327 13.238 10.634
Speed (knots) 4 25 14 17.457 22.985 17.835
Cl 0 1 0.25 0.705 0.0 0.638
Objective 0.00159 | 0.001116 | 0.002896 | 0.00113
Value
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The number of tiers on deck is afunction of beam

NTqg

(equation 4.1)

=4.0 forB £ 32.2m

_ _B-322 i 300<BE£400
43.0- 40.0

-50+2-%0  tya00<BE430
43.0- 40.0

=6.0 for B >43.0

Thisrelation was developed by Ying Chen [5].
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Chapter 5: Number of Tierson Deck

51  Number of Containers

In a container ship, the containers are stowed both above and below the deck. The
number of containers being stowed below the deck is dependent on the geometric shape
(as represented by G,) and the principle dimensons of the ship (Iength, beam and depth).
The measure of containers above the deck is aso dependent on the number of tiers
(height to which the containers are stacked) above the deck. The number of tiers below
deck is largely dependent on the depth of the ship. The expresson for the tota number of

containersis.

TEU; =TEUp+ TEUq4 (5.2)
Where, TEUp=S* Lp* By * Dy
And TEUg=S3* Lg* Bg* NTyq4

In the above formulation, TEU is a representation of a container and stands for
Twenty-foot Equivdent Unit. TEU; is the totd number of containers. The indices b and d
represent parameters above and below the deck. TEU, and TEUq are the number of
containers above and below deck respectively. $ and & are the stowage factors for the
containers. The stowage factor below the deck depends on the shape of the hull, which is
given by Cp,. Above the deck; the stowage factor is assumed to be a congant and is
arived a dfter referring to exising ships. Ly, By and Dy are the number of containers
below deck in the length, beam and depth directions respectively. Smilarly, Ly and By
are the container numbers in the length and beam directions above the deck. NTjy is the
number of tiers above deck. It is important to note that L,, B, Dy, Lq and By are integer
vaues. This is because a container cannot be stored in fractions. The number of tiers on
deck, however, can take floating values because not dl stacks of containers need to be of
the same height. It is the average height of the stacks on deck. The number of tiers below
deck depends on the depth of the ship.

Regarding the integrd effect of the above variables, the container numbers have
been formulated in the following manner:
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. L
Lp=Lg= mt(%) (5.2

0

By = int( w) (5.3)
Dy = int( 22 PBH) (54)
Bq = int( BEO) (5.5)

Where Lcon is the effective length of the ship for carrying containers. Leon IS assumed as a
fraction of the overdl length of the ship, Loa WB is the breadth of the wing tank; D the
depth of the ship and DBH is the height of the double bottom. Lo, Bp and Dy are the
length, breadth and depth of the container respectively. Please refer to Equation (4.1) for
the approximation on the number of tiers on deck, NTg.

The formulation for NTy is not gppropriate for ships with smal beam vaues. In
the initid formulation of the design, the user can specify the NTy through the user
interface before the start of the optimization process. This was done to give the user the
option of not usng the Equation (4.1) to find the NTq based on the beam. After
optimization (discussed later in this section) it was noticed that the resulting ship design
would tend towards the upper bound of the beam. This indicates that though the
formulation is not gppropriate for ships with smaler beams, if the user chooses to limit
the beam of the ship, he can specify the N Ty too to suit the purpose of the design.

The number of containers must be integer vdues. Due to this, the number of
containers being caried in the ship looks like a discontinuous series of deps as the
dimendons of the ship vary. This has a big influence on the process of optimization. As

the number of containers ceases to be a continuous variable due to its step nature, the
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Figure5.1: [llustration of container capacity function and linear response surface

objective and condraint functions cease to be continuous. The optimizer is unable to
cdculate the gradients of the objective and the condraint functions effectively. The
objective function becomes a saw-toothed function with locd minima in smal intervas
of the design space. To curb this problem, it was necessary to make the number of
containers a continuous variable. To do this, a least square fitting method was used to
pass a smooth function for the discontinuous function. The vaues of WB and DBH were

assumed to a congtant at 1.83 meters. The function that was derived was.

TEUp floa = S * (0.0196* Loa* B * D —148.6129) (5.6)
TEUqg fioat = 0.050117 * Loa* B * NTq—82.6702 (5.7)

Where, Loa is the ovedl length of the ship. Both the floating-point vaues and the
integer vaues of the number of containers are presented in the output of the optimization
process. The difference between the floating-point and the integer numbers of containers
is usudly less than one percent. Figure (5.1) illustrates the effect of the discontinuous

function and the continuous response surface in two dimensions

5.2  Effect of B/D Congtraint

The B/D condraint was introduced to give dructurd dability to the ship. This
condraint ensured that the vaue of the dgpth was in a right proportion to the beam of the
ship. Compared to the previous andyss, the addition of this condraint resulted in an
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increase in the depth of the ship. The vaue of the beam 4ill tended towards the upper
bound as input by the user. All bounds remaining congtant, an increase in the depth meant
an increased number of tiers below deck. The number of tiers above the deck was smilar
to the previous results and this value depends on the beam of the ship (refer Equation
(4.1)). Due to the increase in the number of tiers below deck, the center of gravity of the
ship went up. This meant that the metacentric height (GM) of the ship came down
affecting the transverse stability of the ship. The only recourse with the optimizer was to
reduce the dimensons of the ship accordingly. With the reduction in dimendons of the
ship, the displacement of the ship decreased resulting in an increase in BM, which is the
height of metacenter above the base. This was done to improve the GM of the ship.

The cargo being carried by the ship is directly proportiona to the number of tiers
on the ship, both above and below the deck. Since, the number of tiers below the deck
depends on the depth of the ship, the optimizer can vary the depth to vary the number of
tiers. The optimizer would try to reduce the depth to decrease sted weight and aso to
reduce resstance, which comes about by reducing draft. Draft is varied to ensure that
weight equas displacement of the ship. Sometimes, as the depth and draft are related by a
condraint, a decrease in depth will also prompt a decrease in the draft of the ship. But the
addition of the B/D condraint ensures that the depth does not fal too much. Since the
depth cannot be reduced beyond what the congtraint permits, it is advisable to reduce the
number of tiers above the deck. This not only reduces cargo weight but aso reduces it at
a higher center of gravity thus lowering the overdl center of gravity. This improves the
transverse dability of the ship by incressng the GM (primarily because G goes down).
The number of tiers above deck is formulated to depend on beam. The optimizer tends to
maximize the beam for greater cargo cgpacity and dability. Due to decrease in the
number of containers, the objective value decreases. Please refer to the Table (5.1) for
results with varying NTy. As mentioned, the beam tends towards its upper bound of 43 m.
This implies that NTy takes a vaue of 55 (refer Equation 4.1). But the user is given an
option of changing the NTgy in the user inteface. This vdue remains congtant during the
entire course of the anadyss. The design was evauated for different values of NTy4 and
the results are shown in Table (5.1).
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Table 5.1: Design parameters for various NTy

NTq 4 45 5 525 | 55
Loa(m) 300 | 2998 | 300 | 2203 | 227.3
Beam(m) 43 04 | 427 43 43

Depth(m) | 216 | 212 | 213 | 215 | 215
Draft(m) | 10.6 | 109 | 11.3 | 116 | 124
Speed(kts) | 186 | 184 | 187 | 20.7 | 256

D'Sp'(?ﬁte)me”t 04280 | 95360 | 100140 | 79830 | 85420
#TEU's | 5189 | 5363 | 5723 | 4494 | 459
Shaft 28292 | 26724 | 28855 | 40984 | 115868

Hor sepower
GM (m) | 203 | 152 | 082 | 025 | 025
RFR 1 0.0013 | 0.00124 | 0.00118 | 0.00134 | 0.00173

($/mt/nmi)

Figure (5.2) illudrates the effect of increasng the number of tiers on deck on the
primary desgn parameters. All the vaues that have been shown in the Figure (5.2) have
been normalized to fit in the same graph. They have been fit into the same graph so tha
they can be compared to one another with the change in the number of tiers on deck. In
dl of the above examples, the B/D condraint is active This means that the active
congtraint has forced the depth to go above the vaue that the depth would take if it were
uncongrained and unbounded. As the vaue of NTy incresses, the GM condraint is not
satisfied anymore. The optimizer resorts to decreasing the length of the ship to satidfy this
condraint because this would mean an overdl reduction in the displacement. The
optimizer cannot decrease beam because reducing beam aso reduces the GM of the ship.
The beam as expected has tended towards the upper bound of 43 meters. The depth, due
to the B/D condraint (B/Dmax is et a 2.0) is approximately haf of the beam. Hence this
condraint is active in dl the examples. The speed is higher when the NTy is increased.
This is because as the GM decreases with increasing NTgy, the optimizer has to resort to
ways to decrease the CG of the ship. The optimizer increases the speed of the ship. This
results in an increase of the fud mass and the engine plant mass. As the engine room and
the fud tanks are located in a lower pogtion, the CG of the overdl ship comes down.
This would imply an increase in the GM of the ship, which would improve the gability of
the ship. Thus there is an increase in speed as well as an increase in the shaft horsepower.
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The shaft horsepower is directly proportiona to the speed of the ship. The displacement
is gpproximately indicative of the cargo being caried by the ship. Displacement is equd
to weight and as the cargo increases, the weight of the ship dso increases. The increase in
dislacement is indicated by the increase in the draft of the ship. From the examples, it
can be verified that the increase in cargo mass above the decks reduces the GM. In fact,
the GM vaues of 0.25m and 0.24m make the GM condraint active. An increase in cargo
mass above the deck would increase the overdl center of gravity reducing the GM. The
required freight rate is high for lower lengths but dso becomes lower for increasing NTy
a gmilar lengths (NTq = 4.0; 4.5; 5.0). Hence, a greater length and higher NTy indicates
a better RFR. Therefore, it would be advisable to try to increase both the principa
dimensons of the ship (length and beam) and aso increase the NTy. Hence, there are
conflicting results to increesing NTy. One is that the RFR will decrease; and the other is
that an increase in NTy affects dability resulting in decreesng the length and increasng
the speed. An increase in speed results in the increase of the shaft horsepower. A
decrease in length increases RFR. Hence, in effect, the optimizer finds an optimum point
where a further decrease in length does not compensate for the increase in NTy. This dso
increases the annual operating costs of the ship. Therefore, it can be useful to vary NTqy as
a dedgn parameter during the process of optimization raher than mantaning it & a

congtant vaue during the process.
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Figure5.2: Variation of Normalized parameters with NTy
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53 NTgasaDesign Variable

The number of tiers on deck is an important factor to determine the cargo being
caried by the ship. A grester cargo indicates higher revenue. Of course, the grester the
cago, the grester the disolacement. A higher displacement indicates higher draft and
hence higher resstance. But the revenue increase due to addition of cargo is more than
the loss due to greater SHP. Hence the optimizer prefers to increase cargo. The
compromise can be in the form of dructurd and transverse gability. The introduction of
the B/D condraint ensures a certain degree of dructura dability. The GM condraint is
necessary for transverse sability. So, now the onus is on the optimizer to maximize the
cargo and maintain the sability. There are two ways in which the cargo can be increased.
One is to increase the cargo carried below deck and the other is through the cargo being
carried above the deck. The number of tiers below the deck is not an independent variable
and has to depend on the depth of the ship. The optimizer prefers not to increase the
depth because of added sted mass of the hull. The number of tiers on deck on the other
hand is independent of depth. Equation (4.1) was an empiricd formula where NTy varies
with beam, which was developed to give the optimizer an idea of the number of tiers on
deck. The user was dso given an dternative of seiting the NTy before the gtart of the
optimization. But the vdue of NTy was congtant during the process of optimization.
Hence, it was decided to make the NTy a desgn variable that could be varied by the
optimizer & run time.

The number of tiers on deck is added to the MDO user interface as a desgn
vaiable. All the other ways in which NTq was caculated or was input (as a constant
parameter in the user interface) were made null. In most cases the order of NTy is one.
Hence, the process of normdization returns the same vaue as before. NTy can assume a
continuous  floating-point value. This indicates that the optimizer can cdculate the
gradients with respect to NTy during the iterative design process a dl the possible points.
Moreover as the depth was dready a design variable, it is not practicd to make NT, a
design variable. With the addition of NTy as a design varigble, MDO has the capability of
andyzing the sysem with low as well as high vaues of cargo above the deck.
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54  Effect of NTq asDesign Variable

Since NTy is made a design variable, it is imperative to verify the results of MDO
a low and high vaues of NTy. Though economicaly unviable, NTy can be as low as one.
It is assumed that NTy will not be able to take values beyond 5.5 because the GM
condraint is violated. Table (5.2) indicates how the other parameters perform with
repect to the change in NTyq Table (5.2) shows the variation of the other design
parameters when the upper bound of the number of tiers on deck is increased. Figure
(5.3) shows the greph of the same vaiation, but with normdized parameters. The
normaization is achieved by dividing the vdue of the parameter by one of the largest
vaues in its own lig. This is done to scde dl the parameters to order (1) and portray their
variation with respect to each other on the same graph. Some conclusions can be drawn
on inspection. The SHP varies in the same way as the speed does. As the speed increases
or decreases, S0 does the SHP. Thisis because SHP is dependent on the speed of the ship.

Table5.2: Vaiaion of Desgn Parameters with respect to NTy

NTq4 upper
Bound 1 2 4 5 5 6
Loa (m) 299.9* | 300* | 299.9* | 300* 300* 300*
Beam (m) 40* 40* 40* 40* 43.9 45*
Depth (M) 24.7 23 20 * 20 * 22%* | 22.5%*
Draft (m) 10 10.2 10.6 10.8 11.9 12.2
Speed (M) 18.8 18.6 18.6 17.3 17 17.2

NTq4 1* 2* 4* 453 5* 5.2
cl 0.57 0.55 0.4 0 0.04 0
Displacement

T) 65540.9 | 69039.1 | 76124.2 | 81219 |97387.1|102976.3

SHP 26262.3 | 25675.1 | 26493 | 25096.8 | 25418.6 | 27/866.2
GM (m) 0.34 0.3** | 0.31** | 0.33** | 0.33** | 0.33**

($/|\|/T 'Ilf/?]mi) 0.002175|0.001856|0.001413(0.001366|0.001286|0.001264

*  indicatesthat upper bound is reached.
** indicates that condraint is active
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NTy as Design Variable
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Figure 5.3: Variation of Design parameters with respect to NTy

When there is lesser cargo on deck (NTyq = 1,2,4), the value of ¢ @0.5. A vaue of
c1 close to 1.0 indicates a fine ship and 0.0 means a full ship. This implies that snce the
cago caried is lesser and the speed is higher, the optimizer prefers to reduce the
resstance of the ship by increasing the value of ¢. Hence, the speeds are smilar and o is
the SHP for low vaues of cargo carried. For the lower values of NTy, the depth is higher
than what is imposed by the B/D condraint. This is because, as there are less NTg, the
cargo being carried on deck is lesser. But the optimizer has to increase cargo if it has to
reduce the RFR. This can be done by increasing the amount of cargo being carried below
the deck. The optimizer does this by increasing the depth of the ship. But as the increase
in depth aso triggers an increase in the sled mass, the optimizer finds an optimum point
where the increase in stedl mass compensates for the increase in cargo capacity.

It is interesting to note that the GM condraint is active in al the results for
different NTyq. Generaly a lesser NTq would imply an increese in the GM which would
not make the GM condraint active. But the optimizer finds an optimum point by either
increasing depth or by increasing the NTy. When it is limited by the upper bound of NTj,
the optimizer increases depth. This happens until the increase in sted mass and the cargo
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below deck just satisfies the GM condraint. Thus, it is useful that NTy is a desgn
variable because now the optimizer can minimize RFR with grester tools to control the
cargo. This is very important for future analyss because the dependence of cargo on NTy
might become low as compared to the depth (i.e), it might become cheaper to increase
the cargo below deck than to add cargo on deck. In such a case, it might seem plausible
for the optimizer to reduce NTy optimaly and increase depth to produce the best results
with respect to the RFR.

It can dso be noted that RFR decreases with increase in NTy. But a each stage,
the GM condraint prevents the design process from further reducing the RFR. The
displacement increases with the increase in NTy. This is expected because an increase in
cago means an increese in the weght of the ship. Increase in weight increases the
displacement. This is reflected in the vaues of the draft. The draft increases with
displacement. This is because the length and the beam are fairly congant at the optimized
point for dl the results of varying the NTq. It is dso interesting to note that when the
upper bound for NTy is 5, the optimizer arrives a a vaue of 4.5 for NTq when the beam
is 40 meters. When the upper bound of the beam is increased, NTy takes the vaue of 5,
which is the upper bound. This happens because a increase in beam increases the GM.
This means that more cargo can be accommodated until the GM condraint is satisfied.
Thus NTy can be varied as a function of desgn variables like beam that affects the GM
condraint. Table (5.3) shows the variation of NTy with respect to the beam and other
design varigbles and Figure (5.4) indicaes this phenomenon graphicaly. This means that
if the beam were to be condrained below what is being used in these andyses, then the
NTy will assume vdues that will saisfy the GM condrant and give the minimum vaue
for the RFR. This was not possible if the NTy were to be input as a congtant vaue & the
beginning of the iteration. If the user were to manualy change NTy with respect to an
upper bound on the beam, the user will have no idea about the variation of NTy with
beam. He will not be in a pogtion to input an appropriate vaue of NTy. The variation
with other desgn varidbles were dso noted but were not of much sgnificance. Length
tended towards its upper bound. Depth varies as condrained by the B/D condraint. That
is S0 because no other design varidble affects the GM condraint as the beam. Draft

changes with increesng cargo and hence increesng displacement. Changes in other
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variables are reflected on the NTy only if they affect the beam directly or indirectly. For
example, a decrease in length goes on to decrease the depth because of the condraint
Loa/Depth > (Loa/Depth)min. A decrease in depth implies a decrease in the beam because
of the B/D condraint and hence a decreasein NTj.

Tableb5.3: Variation of NTq with beam
Loa (m) 300* 300* 300* 300* 300* 300*
Beam (m) 20* 25* 30* 35* 40* 45*
Depth (M) 10** 12.5%* 15+ * 17.5%* 20** 22 5%*

Draft (m) 5.3 6.3 8 9.4 10.8 12.2
Speed (m) 16.5 17 17 17.3 17.3 17.2
NTd 0.94 2.5 3.18 3.86 4.53 5.2
Cl 0.11 0.45 0.01 0.01 0 0
Displacement

) 19563.4 | 26463.9 | 45173.3 | 61897.6 | 81219 [102976.3
GM (m) 0.28** | 0.29** | 0.31** | 0.32** | 0.33** | 0.33**
RFR 0.003214(0.002487|0.001756{0.001514|0.001366|0.001264
(¥YMT/nmi)
* indicates that upper bound is reached.

** indicates that condraint is active

Variation of NTd with Beam
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Figure 5.4: Variation of NTy with beam
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Thus, it is useful to have the number of tiers on deck as a desgn variable. This
gives flexibility to the optimizer to manage cargo either below or above the deck. The
amount of cargo being carried is a very important condderation for economics of a
container ship. Hence the optimizer must be given a tool to increase or decrease the cargo
directly rather than through the geometric desgn variables Moreover, any empirica
formulation for the cdculaiion of NTy might change with time. Having NTy as a design
variable implies that the user need not be aware of such changes that affect NTy. Asis
seen from Fgure (5.3), RFR decreases with increesng NTgy But there is a limit on the
NTy because of stability congtraints. Hence, a balance has to be found to increase the NTy
of the ship in order to reduce RFR. This has to be achieved without effecting the stability
of the ship.



Chapter 6: Ballast

6.1  Need for Ballast

The introduction of the number of tiers on deck as a dedgn vaiable gave the
design process the freedom to change the amount of cargo being caried above deck
during runtime. This implied that maximum cag could be caried on deck and the
minimum stability requirement could dso be met. The mass that is being added due to the
excess cargo is added above the deck. Hence, there is a shift in the center of gravity of the
ship upwards. Due to this, the design is actudly limited on the maximum cargo that can
be caried given a ceatan s&t of geometric dimendons. The optimizer tends to maximize
length and beam and move it towards the upper bound. This enables the optimizer to
carry the maximum cargo possible.

It was decided that the optimizer should be given ancther tool to manipulate the
cago without having to increese the vaues of the geometric dimensons. Most of the
ships ae limited to certan maximum geometric dimensons because of the capecity of
the shipyard where the ship being built. The cargo cannot be increased below deck
because the number of tiers below deck is again a factor of the depth. So, the only
recourse is to increase the number of tiers on deck. The primary reason why the optimizer
canot do that is because increasng NTy reduces GM and hence adversdy affects
transverse dability. An dterndive to incressng GM is to reduce the overdl CG of the
ship. This can be done by increasing the engine plant mass. The CG of the engine plant is
well below center of gravity of the ship. The optimizer can increase the engine plant mass
by increesng the speed of the ship. This is because the mass of the engine plant is
proportiond to the speed of the ship in the following manner.

BHP

C,* ()07 % C, (6.)

Wm=C,
1000

where, Wm = Propulson Machinery Weight
Cm = Machinery weight coefficient = 215
SHP = Shaft Horsepower
Ci = Cosfficient to convert long tonsto metric tons = 0.9843
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R *V

And SHp= _td (6.2)
746* ?
where, Riota = total resstance
Vv = Speed of the ship
h = Propulsive efficiency of the ship.

Hence, an increase in the propulsve machinery weight can be brought about only
by incressing the speed of the ship. This would mean an increase in the totd SHP. This
means an increase in the fue and engine plant mass. Increasing the engine plant mass and
fud mass would increase both the initid costs and the operating costs and hence increase
RFR. In the current formulation, it is possible to increase the capacity of the engine to
any desred vaue but the corresponding cost and weight of the engine dso increase. So,
increesing engine plant mass is not a dedred dternative kegping in mind a long term
objective of increasng the cargo capacity of the container ship.

6.2  Another Viable Alternative

Bdlagt is an dterndive to increesng the number of tiers on deck and satisfying
the GM condraint. Balast is mass added to the ship to increase the weight of the ship.
Bdlast is usudly added to the ship during the lightly loaded conditions to ensure a
minimum draft. This draft is required for minimum propdler immerson. Usudly, there
are desgnated aress in the ship like wing tanks and double bottom tanks where ballast
can be added. The location of balast in the ship is usudly low to lower the CG of the
ship. The materid used for balasting a ship can o vary from water to iron filings.

In a container ship, balast forms an essentid part of the displacement. Sometimes
the weight of the bdlast can be as large as twenty five percent of the totd disolacement in
the case of a fully loaded ship. Figure (6.1) shows the data collected from severd
container ships and indicates the ratio of bdlast and digdlacement in a fully loaded

condition.
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Figure 6.1: Bdlast / digplacement from severd ship data

Figure (6.1) shows that balast is an important part of a container ship's weight.
Typicdly the vdue of bdlagt is between 20-25 % of the total displacement. Table (6.1)
gves an indication about the displacement of the ship achieved &fter the process of
optimization. For example, for a ship of digplacement 80,000 MT, adding balast of
20,000 MT would not be unreasonable. The addition of this mass by itsdf would not
serve any purpose. In the case of the formulaion being used for MDO, a ship that is fully
loaded is consdered. So, it would seem futile to add any mass that is not cargo to the
dready “heavy” ship. It is more relevant to consider where this mass has to be added.
This would mean that the effect of adding the bdlast to the center of gravity has to be

considered.

6.3  Effect on Center of Gravity

The weight of the bdlast being conddered is substantid when compared to the
displacement of the ship. Hence, the postion of the balast will affect the overal center
of gravity of the ship. The pogtion of the cargo is such that it raises the CG of the ship.
So, if balast has to be added, it has to reduce the CG of the ship. Hence, it was decided
that the balast is to be added in the double bottom space of the ship. This space is the
lowermost compared to any other tank on the ship. The center of gravity of bdlast placed
in these tanks is assumed to be equd to the height of the geometric center of the tank
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when viewed in the transverse direction. This height is equa to hdf the double bottom
height (DBH). The DBH is assumed to be 1.83 meters but the user is given the option of
changing this vaue in the user interface. As the maerid used for the balagt is uncertain,
only the mass of the bdlast is evauated. If the material were known, the volume of the
double bottom tank would have to be caculated. The maximum mass of balast could be
cdculated if the pecific gravity of the materid was known.

6.4  Ballast asaDesign Variable

It cannot be assumed that balast will be a congtant value. This is so because the
displacement varies with each iteration. The maximum bdlast that can be safdy added is
about twenty percent of the displacement of the ship. Since the displacement changes, the
balast can dso be changed with the displacement keeping the ratio congtant during the
entire process. But this would mean that even if there were not much cargo to be carried
(the designer might limit NTy), the weight of balast would ill bear a congtant ratio
wheress the bdlast required for optimum design is much lesser. The user cannot be
expected to enter congtant ballast for the entire process a the dtart of the optimization.
This would meen that the optimizer is not given the necessary flexibility to manipulate
the cargo.

Adding too much bdlast means increesng the weight of the ship with mass that
does not have economic vaue. But adding bdlast a the double bottom tanks will reduce
the CG of the ship. This will fadilitate the addition of cargo above the deck, which is a a
higher CG. These conflicting notions of adding balast make it ided to make bdlast a
desdgn vaidble Bdlas can be a floating point variable and is thus continuous. This
makes it possible for the optimizer to find the gradients for al possible vaues of ballag.

Therefore, bdlast is added as a design vaiable. In the weight module, once the
entire weight is caculated, bdlast is added to the weight. This would aso force the DOT
module to adjust the design variables to increase the displacement of the ship. Weight has
to be equd to displacement. This is brought into effect by the equdity congraint. The
addition of bdlast will dso change the center of gravity of the ship accordingly. This
change a so has to be taken into account.
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The CG of the ship isnhow cdculated asfollows:

CGship - CGorig *W+ CGbaIIast * Wballast (6.3)
W +WbaJIast
where, CGqip = center of gravity of ship.
CGorig = CG without considering balast weight
w = Weight of ship without ballast
Whallast = Weight of ballast
CGpallast = CG of the balast = hdf of DBH (= 0.915 m by default)

The lower bound of balast is zero. It is advissble to dtart the iteration with an
initid vaue of zero because addition of bdlast by itsdf increeses RFR. The units of
balast are metric tons. As the vaue of balagt is much higher (~10%) than the other design
variables, it has to be appropriately scaded before the process of optimization. The other
design variables are scded down with respect to their initid vaues. In the case of bdladt,
the initid vaue is usudly zero. So, it was thought to change the units of balast from tons
to 1000 tons. This brings down the order of bdlast to 1~10. Hence, the gradients
cdculated for the balast by the optimizer are in the same range as the other design
vaiables. Though the user inputs the initid vaue and bounds for bdlast in 1000's of
tons, the cdculations have been peaformed &fter consdering the vaue in the same
dimensions as the weight of the ship.

6.5  Effect of ballast on the Design

Before bdlast was added as a design variable, the optimizer could not add many
tiers on deck. Since, in the earlier formulations before NTy was considered as a design
variable, NTq was dependent on the beam, for a vaue of 43.0 meters for the beam, NTy
was constant a 55. At this value of NTy, with the addition of the B/D condrant, the
optimizer would choose to decrease the length of the ship to achieve transverse Sability.
A decrease in length of the ship prompts a decrease in the overdl displacement. This
means that the GM of the ship increases. At the optimized point, the parameters are such
that the GM condraint is active (i.e) the GM of the ship is equa to the minimum GM
required. Once ballast is added, the CG of the ship decreases and the optimizer can
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increese the length of the ship to reduce the RFR. Table (6.1) illudrates this effect.
During the calculations, NTq remained constant at 5.5.

Table 6.1: Effect of balast on the length and RFR with constant NTy

Results 1 2 3 4 5
Loa (m) 205123 | 230.855 260.348 281551 | 299.92
Beam (m) 43.0 42.983 42.968 43.0 43.0
Depth (m) 21.495 21.492 21.486 21.508 215
Draft (m) 12.442 12.13 12.164 12.204 12.33
Speed (kn) 25532 21.354 19.706 18.529 17.24
Ballast (Tons) 0.269 999.94 3486.35 | 4655346 | 5100.23
RFR ($MT/nmi) | 0001722 | 0.00147 | 0.00121 0.00116 | 0.00109
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Figure 6.2: Variaion of normaized parameters with respect to Balast

As is evident from Fgure (6.2), an increase in bdlagt for a constant NTy (=5.5)
progressively increases LOA, which in turn decreases RFR. This is so because increasing
Loa would mean an increase in the cargo of the ship. Increasing cargo keeping al other
factors constant reduces the RFR of the ship. Even though bdlast is not a commodity thet

has any economic dgnificance, it enables the ship to carry more cargo. This is done by
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increasing the length of the ship. The optimizer could adso have accomplished this by
increasing the NTy. The effect of balast on NTy is discussed in the next section. The
process of increasing the cargo is carried on until it can reach an optimized solution
where the addition of further balast is detrimentd to the RFR. In this case, the addition
of further cargo is not possble without a mammoth increese in the vaue of bdlagt. All
the succeeding results were achieved after starting from a current value of balast. This
means tha the second solution was got after Sarting from the first optimized st of
desgn vaiables. The optimizer was prompted into ariving a a better solution each time.
This was done by increasing the upper bound of the balast each time enabling the ship to
cary more cargo. Even though each solution was the best for the conditions given, the
RFR continued © decrease with increase in length. The best results were obtained for the
maximum length possble (= 300 m for the examples in Table (6.1)). It is interegting to
note the reduction in the speed of the ship. The addition of balast reduces the
requirement to increase power plant and fue mass to meet the dability requirement.
Consequently, the speed of the ship is reduced. The optimizer is dways trying to increase
cargo and reduce the SHP of the ship.

6.6 Ballast and NTyq

Once the effect of bdlast is known on the exiding design variddles, it is important
to consder the effect of balast on NTy. To test the effect of ballast on NTg; length, beam
and depth will have to be kept more or less a congtant with the variation of balast. Draft
and c; will be dlowed to change because an increase in bdlast implies an increase in the
weight and this will lead to an increase in the digplacement. If length and beam are kept
congtant, the displacement can be varied only by the Cp and the draft of the ship. G is
largely controlled by the hull shape, which varies with ¢;.

Bdlast was conddered as a design variable because of its effect in reducing the
CG of the ship when it is placed in the double bottom space. This would imply tha a
larger cargo could be added above the deck. This cargo varies directly with the NTy. So,
addition of bdlast would mean the posshbility of increesng NTy4 without compromising
on dability. The addition of badlast would increese the weght and hence the

displacement. This would indicate an increase in the draft prompting an increase in the
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resstance of the ship. Hence the pogtive effects of balast will hold true until increase in
resstance becomes more sgnificant. The amount of badlast that can be added is dso
limited. It is mentioned earlier that the maximum amount of balast that can be added to a
container ship is about 20-25% of the weight or displacement of the ship. Care should be
taken to make sure that balast does not go way beyond this ratio even though the
addition of further bdlast is economicdly vidble. It might not be physcdly possble to
add bdlast beyond a certain weight because of space condraints in the double bottom
tanks. In the current formulation, balast is conddered as weight rather than volume. This
is posshle as long as the weight of bdlast is below acceptable bdlast weights in
container ships. So the process of checking the balast to displacement ratio is the
following. Fird st an abitrary upper bound for the bdlast and run the optimization
process. On completion, check the optimized balast to displacement ratio. If this is
within acceptable norms, the upper bound on the ballast can be increased accordingly if it
is economicaly viable. If the raio is higher, then the upper bound on the bdlast has to be
reduced and the process must be repeated again for stable results. The process of
checking on bdlast can aso be accomplished by having a condraint on balast and
displacement. This congrant should be added in the future. Table (6.2) shows the
variation of important parameters with an increase in the upper bound of the ballast.

From Table (6.2), it can be inferred that length and beam have reached their upper
bounds. Depth is aso fixed with respect to the beam due to the B/D condraint. The
vaiation of speed with respect to bdlast is not much. This is adso illustrated with the
variance of SHP, which depends on speed. The vaue of GM is such that the GM
condraint is dways active. The GM condraint ensures that the GM vaue never goes
below the minimum. The vaiation of the other parameters with respect to bdlast is
illugtrated in Figure (6.3).
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Table 6.2: variaion of parameters with respect to ballast.

Loa(m) 299.7 300* 300* 300* 300* 299.8 300* 300*
Beam(m) 40* 40* 40* 40* 40* 40* 40* 40*
Depth(m) 20%** 20%* 20%** 20%* 20%** 20%* 21 22.5
Draft(m) 10.8 11.9 12.4 12.9 14.1 15.3 16%+* 17.1
Speed(m) 16.8 175 17.6 17.6 17.6 17.1 16.6 17.1
Ballast (T) 0 5000 7500 10000 | 15000 | 19600 | 25000** | 30000**
NTd 452 5.13 5.45 5.75 6.4 7.13 7.33 7.19
Displacement (T)| 80897.2 | 91202.4 | 96535 |101370.3(111130.3|120844.7| 131399.5 |138464.4
SHP 22683.4 | 26524.6 | 27569 | 27471.4 | 27173 |24748.2 | 25240.6 | 27734.8
GM(m) 0.33%%% | 0.32% | 0.32%* | (0,32%%* | 0.33** | 0.37** | 0.34%* | 0.33%*
RFR ($/MT/nmi) |0.001367| 0.00127 |0.001228|0.001188(0.001111|0.001044 | 0.001057 |0.001082
TEUb 4628 5039 5263 5457 5856 6297 6620 6667
* Indicates an upper bound is reached.
** Indicates alower bound vaue
wEx Indicates that a congtraint is active.
Effect of Ballast
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Figure 6.3: variaion of normalized parameters with respect to ballast.

The above figure illudtrates the variance of normalized parameters with respect to
the increase in the upper bound of bdlast. In most of the examples except for balast =
19600 Tons, the balast has reached its upper bound. In the last two cases, the lower
bounds were 25000 and 30000 Tons and it came in to the lower bound. With the incresse
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in the balagt vaues, the displacement evidently increases. This is because the weight of
the ship increases and hence displacement also increases. The increase in displacement
trandates to an increase in draft. The length and beam are congtant at their upper bounds.
C, dsays a 0.0 because the optimizer prefers a full ship to carry more cargo. Hence, the
displacement of the ship can be increased by increasing the draft. This is dso reflected in
the above figure. RFR decreases initidly with increasing bdlast but after a cetain vaue
(@20000 T), increasing the balast only increases the RER. There is a marked increase in
SHP dueto incresse in resistance.

NTy increases with the increase in bdlagt. This is because the CG of the ship is
lowered with an increase in balast. Hence the cargo can be added above the deck until
the metacentric height is just above the minimum vaue required for transverse dability.
This is a desrable effect because with the increase in NTg, the TEU'S ds0 increase. An
increase in cargo decreases the RFR of the ship. An increase in bdlast does not change
the length and beam of the ship. Hence it is a linear increment to the weight and hence to
the digolacement. CG aso decreases linearly which fecilitates a linear increase in NTg.
RFR decreases with increasing balast. Hence it is advisable to have bdlast as a design
variable. Figure (6.4) shows the ratio of ballast and displacement as a percentage.
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Figure 6.4: Ratio of bdlast to digplacement



The above figure indicates that though the ratio between balast and displacement
is increasing the maximum resched is about 22%, which is bdow the maximum ratio of
25%. Hence these are vaid example problems. Thus it is decided to have bdlast as a
design varidble to supplement NTy which is dso a desgn variable. With the introduction
of balast, the optimizer can increase NTy and the cargo beyond what it could achieve
without ballagt.
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Chapter 7: Tools For Evaluating Results of Optimization

7.1  Introduction

The MDO desgn involves many desgn vaiables and parameters, which
collectivdly affect the result of optimization. In this environment, it is very difficult to
come to a concluson as to the effect of each individud parameter. It is not possible to
visudize the dependence of the objective vaue on the various parameters. Due to this,
tracking an eror in the formulation or in the vaue of a parameter becomes too
cumbersome.  Sometimes, the erors ae not visble during a norma course of
optimization. It might become rdevant only when some condraint is imposed on the
problem, which dresses more on the faulty parameter. Since, this software tool will be
employed for prdiminary design, there might not be standards available for comparison
of results Hence, tools have to be employed, which can systematicdly evauate the
results of optimization. These tools must be able to individudly examine the effect of
parameters and desgn variables and dso verify the veracity of the find result. Results
must be checked for at least a locd optimum and whether al the resources available to
MDO have been optimdly utilized. Three diagnostic tools have been used to evduate the
results of optimization.

7.2  AlphaPlots

The dpha plot is a diagnogtic tool used to identify barriers in the process of
optimization. The response of the sysem is plotted dong a draight line through the
desgn space. The line is obtained by joining two points (X1 and X») identified in the
design space.

X=aX; + (1-a) Xz (7.2)
where, X isthe vector of desgn variables.
X1 and X, ae dedgn points that can be sdected in a variety of ways including the
following two:
1. They can be two optimum points that have been arived a with the same initid
design variables. In this case, it should be verified as to why, the optimizer arrived
at both the designs.
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2. They can be the initid point and the find design point. The approximate vaues of

design variables can be found out for feasible regions.
Alpha plots can adso be used to detect discontinuities in the sysem. Table (7.1) is
a table of design variables and parameters between two points on the design space that

show discontinuity in one of condraint function vaues.

Table 7.1: Change in Design variables and condraints between two design points.

Loa B D T \ Ballast NTq4 01 g2 Js3
2479215* | 4270 | 21.35 | 1348 | 17.2425 5776.9 6.037 | 0.0007 |-0.0007| 0.6682
2489631 | 4270 | 21.35 | 1348 | 17.24147 | 58126 6.037 | 0.0007 |-0.0007| 0.67%4
2500046 | 4269 | 21.34 | 1348 | 17.24044 | 58484 6.038 | 0.0007 |-0.0007| -0.6737

2510462 | 4269 | 2134 | 1348 | 1723941 | 5884.1 6.039 | 0.0007 |-0.0007| -0.6581

2520878 | 4268 | 2134 | 1348 | 1723838 | 5919.8 6.039 | 0.0007 |-0.0007 | -0.6426

2531294 | 4268 | 2134 | 1348 [ 1723735 | 59555 6.040 | 0.0007 |-0.0007| -0.6271

2541709 | 4267 | 2133 | 1348 | 17.23632 | 59912 6.041 | 0.0007 |-0.0007| -0.6116

2552125 | 4266 | 21.33 | 1348 | 17.23529 | 60269 6.042 | 0.0007 |-0.0007| -0.5915

2562541 | 4266 | 2133 | 1348 [ 17.23426 | 6062.6 6.042 | 0.0006 |-0.0006| -05762

2572956 | 4265 | 21.32 | 1348 | 17.23323 | 6098.3 6.043 | 0.0006 |-0.0006| -0.5658

2583372 | 4265 | 21.32 | 1348 | 172322 6134.0 6.044 | 0.0006 |-0.0006| -0.5506

2503788 | 4264 | 2132 | 1348 [ 17.23117 | 6169.7 6.044 | 0.0006 |-0.0006| -0.5355

260.4203** | 4264 | 2132 | 1348 | 1723014 | 62054 6.045 | 0.0006 |-0.0006| -0.5205

* indicates garting point
*x indicates end point

In Table (7.1), g1 and g ae the enforcement of the weight = displacement
condraint. As is indicated by Table (7.1), g and @ are equal and opposite of each other.
Please refer chapter 3 for condraint equations. The GM congraint is shown by g. Figure
(7.1) is a plot of gz versus a. This plot shows the discontinuity in gz condraint. It is
evident that there is a discontinuity in the formulaion that has produced this jump in the
GM congraint. Various other parameters were plotted with the change in a and it was
noticed that the discontinuity arose because number of tiers below deck (NTp) is
consdered with its integer value. Thus, as depth varies, NT, assumes discregt values. The
number of tiers on deck (NTgy) can take up floating point vaues because it is the average
of the number of tiers that stack up the TEU’s on deck. NTy requires that dl the tiers
below deck are stacked equaly to ensure dtability. This problem was corrected by
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introducing a continuous function for NT, that takes floating-point vaues for the design

process. The output of MDO presents N Ty, as an integer vaue.
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Figure 7.1: Alpha Plot of congraint gz (GM congraint) indicating discontinuity.

7.3

Senditivity Analysis

The object of this type of andyss is to investigate the sengtivity of the objective
function with respect to the design variables a the optimized point. At the optimized

point, the desgn variables are varied around the optimized point and the objective vaues

are cdculated. During this process, dl the other design variables are held congant at their

optimized vaue. This process indicates to the user about design trends around the

optimum point with reference to the desgn vaiables and ther bounds. The sengtivity
andyss dso indicates the relaive dependence of the objective function on the individud

design variables.

Figure (7.2) is a collection of plots of sengtivity andysis of objective function to
al the design variables with the following optimized values.

Table 7.2: Optimized values of Desgn varidblesused in Figure 7.2

Length Beam Depth Draft Speed Ballast NTy C
(m) (m) (m) (m) (knots) (103M T)
300 43 215 12.25 17.52 1.54 5.17 0.0042
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The objective vaue at the optimized point is 0.001264 $MT/nmi.
B indicates the optimum point in Figures 2 (a-h).
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Figure 7.2 (a): Sengtivity of RFR to Length

Figure 7.2 (b): Sengtivity of RFR to Beam
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Figure 7.2 (d): Sendtivity of RFR to Draft
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Figure 7.2 (f): Sengtivity of RFR to Bdlast
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Figure 7.2 (h): Sengtivity of RFRto C;
Figure 7.2 (g): Sengtivity of RFRto NTy

Figure 7.2(@) and (b) are a plots of the sengtivity of RFR to Length and beam
respectively. They indicate that RFR reduces with incressng Loa and beam in the
vicinity of the optimum point. The maximum vadue for the andyss is curtained a 300
and 43 m respectively because they are the upper bounds and Loa and beam have reached
their upper bound during the optimization process. Figure 7.2(c) indicates tha RFR
increases with depth. An increase in depth increases the hull sted weight of the ship
reulting in greater building cods. This further increeses the RFR. The optimizer to
forced to reach the point because of the enforcement of the B/D congraint. Figure 7.2(d)
shows that RFR is farly congant with respect to draft after the optimized point. The
vaue of draft is arived a by the weight = displacement condraint. An increase in draft
increases the displacement forcing the ship to carry greater cargo. Hence, the increase in
resstance is offset by the increase in cargo. Figure 7.2(€) is a plot of RFR to variaions in
speed. The optimum point is in the lowermost point in the curve. Any increase in speed
would increase resistance and lence increase operating costs. A decrease in speed would
mean a decrease in the number of round trips made per annum. This sengtivity to Speed
indicates that a value for speed is reached on optimizing the two conditions. Figure 7.2(f)
vaies RFR to badlast. Here, RFR does not change with bdlast. RFR is not directly
affected by balast and hence the effect of change of bdlast is not redized on the RFR.

Figure 7.2(g) shows a favorable trend to increesing NTy The optimizer cannot take
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advantage of this trend because beyond the optimum point, the GM condraint is violated.
Figure 7.2(h) aso indicates that RFR decreases with increase in C;.

7.4  Restart Option

The restart option is a tool provided to the user to restart the optimization process
from any point in the optimization history. The user is provided with a convenient tool to
sop the optimization process anywhere he pleases and dart again from the same point
with or without changing any of the other conditions. The user is permitted to change the
bounds of the desgn variables and/or change the condraint limits. The user can dart re-
optimization if he is not sdisfied with the results of optimization. A newly converged
design point in the vicinity of the previous optimum would indicate that for the same set
of bounds on the desgn variables and condraint vaues, an optimum point is reached.
Table (7.4) shows results from darting the optimization process from points of optimum
without changing any of the bounds or conditions.

Table 7.4: Example of restart option.

Design Lower | Upper | Initia First Second Third
Variables | Bound | Bound | Value | Convergence | Convergence | Convergence
Length (m) | 130 300 200 300 300 300
Beam (m) 15 43 30 43 43 43
Depth (m) 10 35 15 215 215 215
Draft (m) 4 20 10 16.4 16.393 16.393
Speed (M) 4 35 12 18.3 18.287 18.287
NTy 0 10 0 7.46 7.464 7.464
Ballast (T) 0 20000 0 19998 20000 20000
Ci 0 1.0 05 0.73 0.73 0.73
RFR 0.001953 | 0.001016 0.0010155 | 0.0010155
(¥MT/nmi)
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Chapter 8: Technology Factors

8.1 Introduction

As mentioned in chapter 2, the modules for the optimization process make use of
proven, published parameterizations. However, only smple attempts have been made to
update the various parameters and coefficients to reflect current costs and congruction
practices. This was done because the modules that were developed were to perform in the
same gened manner as high fiddity modules. Many of the coefficients and parameters
have been developed after referring to current container ship designs. Regression andyss
was peformed on some of the equations like the weight equation to arive a a solution,
which was acceptable.

Since, the MDO project is applied to design a containership, it is important to
congder the economic aspects of the design. An operationd anayss is required to judge
whether the desgn that is achieved is indeed the best. In the process of optimization,
MDO arives & a desgn which has the leest objective vdue (RFR) and which has
saidied dl the condrants. Fird, the optimizer decides on a potentid hull for the
container ship. The optimizer then estimates the trangport potentiad (TEU), construction
cods and operating costs for each hull and then improves the design. The weight of
lightship is dso an important condderation. This desgn process may suggest that a lot of
detail is involved. But in the prdiminary desgn process, it is worthwhile to identify key
players and parameters in the design process. These parameters affect the desgn more
than others.

Once these parameters are identified, it is pertinent to evduate how the overdl
desgn might vary with the reative change in these parameters. If the change is too
drastic, then appropriate steps can be taken to concentrate on locad design. For example,
suppose a 10% increase in parameter ‘A’ increases the RFR by more than 10%, dl other
parameters remaining the same, then it can be sad tha RFR is over-sengtive to
parameter A. Now, suppose, parameter ‘A’ is not under control of the owner of the ship,
it is advissble to make the design less dependent on ‘A’. On the other hand, there might
be some advancement in technology that might improve the RFR. Hence, it is useful to
identify key parametersthat affect the design.
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In the current project, efforts have been made to identify these parameters, which
have been named technology factors. When these factors are identified, their relevance to
the design has to be evauated. Some of the factors used in the design reflect current
market values and congtruction practices. But they are subject to future trends. These
trends might have adverse effects on future ship design if the desgn is over-sengtive to
these factors. When technology factors have to be consdered, it has to be rdevant to the
economics of the desgn. This is because, it is assumed that al other condraints have
been satisfied when technology factors are varied.

The technology factors can be applied to parameters that affect the total cost or
performance of the ship. Once the specifications of the ship have been determined, it is
unlikdy that the dimensons of the ship will change (especidly length, beam and depth)
over the lifetime of the ship. So, these can be deemed as fixed cods. In this context, it is
worthwhile to identify technology factors that will affect fixed costs like condruction
cods and those that will affect operating cods of the ship. In the following andyses, two
technology factors have been identified that will affect the operating and fixed codts of

the container ship.

8.2  Applicationsof Technology factorsthat affect fixed costs
(1) Cost of Steel Hull, Cg

Since fixed costs have been targeted, the sengtivity of RFR to the depth
was plotted. Figure (8.1) indicates this plot. This plot shows that once the
optimum point is reached, the RFR increases rgpidly with the increase in the
depth of the ship. This is so because, the increase in depth increases the sted hull
mass and adds to the weight of the ship. There is dso an addition of cargo below
the deck with the increase in depth but this increase does not compensate for the
added costs of the increased steel mass. But length and beam have opposte
effects as compared to depth. Increasng length and beam beyond the optimized
point decreases the RFR because of a substantiad increase in the cargo being
shipped. As the gted hull weight has this effect on RFR, it was decided to find the
sengtivity of RFR to cogt of sed hull that can be manipulated using a technology
factor.
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Sensitivity of RFR with DV
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Figure 8.1: Sengtivity of RFR to dimensons of the ship. A vaue of 1 for the
normalized design vaues indicates the optimum point

The materid cogt of hull ged isformulated as the following:
Mats= Cq * W (8.1)

WhereMats = materia cost

Csqh =codof ged hull

Ws  =Weight of sted hull.
In the current andlysis, Cs, has a basdline value of $400/ MT.
Table (8.1) indicates the variation of parameters with Gy. In this table, there is no
dterdion of any other paameter of design induding design varigbles. As the
technology factor varies from 05 to 125, the Cg, varies from $200/MT to
$500/MT.

From Table (8.1) it is evident that the other design variables do not vary

much from the origind optimum point. The upper bound on the bdladt is fixed a&
2000 tons. Figure (8.1) shows the graphical variation of RFR with Gy. This plot
indicates an incresse of RFR with increase in Cq,. This is because, with the

increese in Cg, there is dso an increase in Annud Building costs and thereby
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increasing the freight rate thet has to be charged. The figure aso indicates that the
variation is dmog linear with a little steepness towards the end of Gy,. The cost of
ded is dependent on the market at the time of building the ship. But a near linear
sendtivity of RFR to Cg indicates that the ship builder should complete
production faster for lesser RFR or develop technology that will reduce the cost of
ded.

Table 8.1: Variation of RFR with Cy,.

Csh RFR Annual Loa | Beam [ Depth | Draft | Speed | Ballast
($/MT) | ($/MT/nmi) |Building Costs| (m) (m) (m) (m) [ (knots) (T) NTy
300 0.001243 $ 6242364 |299.9*| 43* 21.49 [12.35| 17.63 | 2000* | 5.23
350 0.001252 $ 6403911 300* 43* 21.49 (12.27| 17.89 | 2000* | 5.06
400 0.001264 $ 6528432 [299.9* 43* 21.49 |12.34| 17.51 | 2000* | 5.23
450 0.001281 $ 6668329 [299.9*| 43* 21.49 [12.41| 18.43 | 2000* | 5.26
500 0.001297 $ 6811488 300* 43* 21.49 (12.34| 17.75 | 2000* | 5.23

* indicates that an upper bound is reached.

Variation of RFR with Csh
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Figure 8.2: Senstivity of RFR to Cq,

(2) Weight of Hull, Ws

The materid cost of dted in the hull depends on two parameters — Cg, and

Ws. It would be expected that RFR would increase with increasng Ws and the Cy,

remaning the same because materid cost has a linear rdaionship with W,

Technology could be applied to develop a lighter hull and this would reduce the
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materid cogt. Table (8.2) is a compilation of results with varying Ws. Here the

technology factor is applied to Ws after it is evauated by empirical formulas. A
technology factor of 1.0 indicates that Ws is as caculated by the optimizer. A
technology factor of 0.9 indicates that Ws is reduced by 10%. Ws have been
multiplied by the technology factor to get the new sted weight. Results have been
shown for Ws reduced by at most 10% to an increase by 10%.

Table 8.2: Sengtivity of parametersto Technology Factor for Ws

Technolog RFR Lightship Loa (Beam| Depth | Draft | Speed | Ballast
y Factor |($/MT/nmi)|lweight (T)] NTd | TEU (m) (m) (m) (m) | (knots) (T

0.9 0.001268 27153 | 5.155 | 5576 |299.79*(42.99*% 21.49 |[12.03| 17.48 | 2000*

0.95 0.001263 28231 5.17 | 5589 |299.99*(42.97*| 21.48 |12.16| 17.30 | 2000*

1 0.001257 29452 | 5.237 | 5645 [299.87*|42.99* 21.49 (12.34| 17.51 | 2000*

1.05 0.001251 30601 | 5.279 | 5683 [299.96*|42.99* 21.49 (12.49| 17.44 | 2000*

1.1 0.001245 31758 | 5.327 | 5721 |299.99*(42.98*| 21.49 |12.65| 17.53 | 2000*

* indicates that an upper bound is reached.

Table (82) indicaes that lightship weght incresses with Ws (incressing
technology factor). All the design varigbles with the exception of draft do not vary
too much. The increase in draft is to accout for the increase in digplacement.
This is expected but RFR decreases with increasing W Figure (8.3) shows a plot
of RFR with changing technology factor.
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8.3

These results are counter-intuitive. The lighter hull actudly incresses
RFR. The reason was that the heavier hull lowered the center of gravity of the
ship dlowing more containers to be stacked. This is indicated by the increase in
TEU. A larger container cagpacity implies greater revenue and hence lesser RFR.
The actud change in RFR is quite samdl but the direction of change was not
expected. An invesment in technology to reduce the weight of the ship is not
advissble. These results on technology factors give a generd direction for
gpending resources on technology advancement. While it is worthwhile to reduce
Cq, it is better to increase the weight of the ship to reduce RFR.

Application of Technology Factors Affecting Operation Costs
(1) Propulsive Efficiency, h

While congdering annual operding codts, it is pertinent to target factors,
which are consumed during the operation. An example of these factors is fud
cods. Speed is a desgn vaiable tha plays an important role in evauating
operating codts. Figure (8.4) shows the sengtivity of RFR to speed. This plot
indicates that after the optimized point (which is the lowermost point on the
graph), RFR increases with incressng speed. So, it worthwhile to apply a
technology factor which will subdue the effect of speed on RFR.
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Figure 8.4: Sengtivity of RFR to speed

Speed directly affects the Shaft horsgpower (SHP) in the following

manner.
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EHP =R*V (8.2
And SHP = ij’ (8.3)
Where, EHP = Effective horsepower
R = Resigtance of the hull
Y, = Speed of the ship.
SHP = Shaft horsepower
h = Propulsive efficiency
Arc =Ws* Feog * NT (8.4
W, = SHP Dst, 1.61 SFC (85)
V™10

Where, W;  =Waeght of fud
Fewost = Cost of fud ol
NT = Number of tripsyear
Ds =Rangein nautical miles/ year
SFC = Specific fud consumption
SHP has direct impact on various other operating costs like fue costs
(Equation 8.4). Since, these codsts are directly proportiond to SHP, it is
worthwhile to reduce SHP. This can be done by decreasing R or V or increasing
the propulsive efficiency, h. Figure (8.4) shows that reducing velocity below the
optimized point aso increases RFR. This happens because reducing V. means
making less round trips over the year. So, the optimizer chooses between making
more round trips and reducing SHP. Reducing R; is again fixed cost problem.
Once the hull is fixed, R is more or less congant for the lifetime of the ship. That
leaves the option of increasng h. This is viable because changes can be made
during ship's operation to the propulson sysem or machinery, which might
improve h. It is dso quite possble, that the syssems might not perform a desgn
efficiency after some period of operation of the ship. So, technology factor can be
applied to the propulsive efficiency, which will affect RFR.
Table (8.3) shows the results of varying h and its impact on some of the

factors. Figure (8.5) shows the variance of h on RFR. As the technology factor
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varies from 0.85 to 1.15, h varies from 0.55 to 0.75. The technology factor is 1.0
for h = 0.65. The dimensons were the same for al the vaues of h. As expected,
the required freight rate decreased with increesng h. This could have been
possible either by greater economy (increesng h) at the same cruising speed or by
increasing the speed and thereby increasing the tota cargo being shipped per year.
It cannot be determined in advance which method the optimizer would use to
decrease in RFR. As it turned out, T is a blend of both the effects. The speed
increased with increesing h. This would have meant greater fue weight, W; and
BHP but they too decrease because of increasing h. All the other design variables
arefarly amilar to the optimum values

Table 8.3: Variation of parameterswith h

Speed RFR Loa |Beam |Depth| Draft (Ballast
n [(knots) |[($/ton/mile) Ws (T) | BHP | (m) (m) (m) (m) (T NTd

0.55 [16.911| 0.001305 | 1626 [29758)|299.74( 42.99 |21.49| 12.39 | 2000 | 5.25

0.6 [ 17.04 | 0.001296 | 1517 [29177|299.78| 42.98 |121.49| 12.34 | 2000 | 5.16

0.65 | 17.52 | 0.001264 | 1511 |28649(299.87 | 42.99 [21.49| 12.34 | 2000 | 5.23

0.7 | 17.5 | 0.001239 | 1502 |27810(299.99| 42.99 |21.49| 12.33 | 2000 | 5.23

0.75 [ 18.36 | 0.001222 | 1498 [27179)299.86| 42.99 [21.49| 12.31 | 2000 | 5.20

Sensitivity of RFR to Prop. Eff.

0.00131
0.0013 S~

0.00129 RN
0.00128
0.00127

0.00126 AN
0.00125
0.00124

0.00123 \\
0.00122

000121 T T T T T
0.5 0.55 0.6 0.65 0.7 0.75 0.8

Propulsive Efficiency

RFR ($/MT/nmi)

Figure 8.5: Sengtivity of RFRto h.
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The base vaue of propulsve efficiency is 0.65. Figure (8.5) indicates that
there are proportionately higher gains that can be achieved with incressing the
propulsve efficiency. Efforts should be made to congantly improve the the

technology to increase h.

(3) Number of Cranes (N¢rane)
The number of cranes (Ncane) IS a factor that affects the loading and

unloading time of containers in a port (Equation 8.6). This time further affects the
number of round trips in a year, which determines the amount of cargo being
shipped in a year. Thus, Ncane indirectly affects the RFR. In the current
formulation, N¢rane IS cdculated by assuming that there will be one crane for every
135 feet over 75% of the ship’slength (Equation 8.7).

e =4 — 1Y (8.6)
TSLU N,
. 0.75" Loa
N =it (=2 —2+ 8.7
crane ( 41.175 :D ( )

where, Lut = Loading and Unloading time per round trip
TEU = Totd number of containers
TSLU =loading/unloading speed of the crane
Equation 8.7 cdculates the number of cranes for the ship if the user does
not specify it. The number of cranes required by a ship of Loa = 300 m is 6. But
this is quite a large number of cranes and it is not aways possble to have access
to docks that can provide this facility. As Neane IS a factor, which affects the
annual operating codts, a technology factor can be applied to it. Table (8.4) shows
the results of varying Nerane and its impact on other parameters. As the technology

factor varies from 0.5 to 1.5, N¢rane Varies from 2 to 6.
With the increase in Nerane, there is a marked increase in number of round

trips in the year, NT. This dso prompts a decrease in RFR. All other design
variables are fairly congant. Figure (8.6) shows this variation of RFR with Nyane.
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All the other desgn varidbles were the same during this andyss. Since, the
number of cranes makes a subgstantia difference to the RFR, it is worthwhile to
increase the technology factor to increase Neanee There is no negative effect of
increasdng Nerane IN the current formulation. But a more optimized solution can be
obtained by specifying the cods of increasing the number of cranes for loading

and unloading.
Table 8.4: Results of optimization of varying Nerane
RFR Loa | Beam | Depth Draft | Speed | Ballast
Nerane [($/MT/nmi)]  NT (m) (m) (m) (m) (knots) (T) NTq | Cy
2 0.001528 | 13.15 | 299.8 | 42.9 21.5 12 17.2 2000 | 5.1 | 0.3
4 0.001331 | 15.44 | 299.8 43 21.5 12 17.4 | 2000 |[5.15| 0O
5 0.001288 | 15.95 | 299.8 43 21.5 12 17.3 | 2000 [5.15| O
6 0.001268 | 16.41 | 299.8 43 21.5 12 17.4 2000 |5.15| O
Variation of RFR with Ncrane
0.0016
0.00155
g 0.0015 ™~
[
= 0.00145
= 0.0014
&
0.00135
o
& 0.0013 \\\
0.00125
00012 T T T T
1.5 2.5 3.5 4.5 5.5 6.5
Ncrane

Figure 8.6: Variation of RFR with N¢rane.
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Chapter 9: Examples of Results of Optimization

This chapter features certan examples that indicate the efficacy of the MDO
design process. The ligt of examples is divided into three sets. The first set explores the
effect of certan key parameters on the desgn with the B/D condraint activated. A B/D
vaue of 20 (as mentioned earlier) ensures ship dimendons that would dlow the ship
desgner to satisfy dructura requirements. The second set of examples pertains to the
addition of another dructurd condraint and its effect on the overdl desgn. The B/D
condraint is deactivated in this set. The third set of examples, an effort is made to remove
the approximation of the container capacity. The origind <step-wise discontinuous
function is used to cdculate the containers that was caculated earlier by the linear
surface fit.

In each example, the hull shape is adjusted by blending two basis hulls. There isa
need for only one shape design variable g (as @ = 1 — ¢;). Bads hull 1 is finer than basis
hull 2. The important parameters used in the design process are: ship life = 20 years,
interest rate = 8%, weight per TEU = 12 MT and specific fue consumption = 120
o/BHP/hr. Other than in example 4, the cogt of fud is $80/T. Table 9.1 is a lig of initid
desgn variables and bounds that have been in dl the examples. This lig is just indicative
of a default set of initid conditions used in the examples. Any changes to the lig have
been indicated in the description of each example.

Table 9.1: Initid Desgn Variables and Bounds.

Loa Beam Depth Draft Speed Ballast | NTq4 | C;
(m) (m) (m) (m) (knots) (M
L ower 130 15 4 4 4 0 0| o
Bound
Initial 200 35 15 10 10 0 4 |05
Value
Upper 300 43 35 25 35 10000 | 10 | 1.0
Bound
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9.1
Table 9.2 ligs the results of optimization for variations in key parameters.

Exampleson variationsin key parameters

Table 9.2: Design varidble values and various ship characteristics at the optimum

point for the first set of examples.
Parameters |[Example 1 |[Example 2 [Example 3 |[Example 4
Loa (m) 299.8 300 300 299.9
Beam (m) 43 43 43 43
Depth (m) 21.5 21.5 21.5 21.5
Draft (m) 13.6 15 135 135
Speed (knots) 17.5 25 17.6 16.2
Ballast (T) 10000 10000 10000 10000
NTd 6.1 5.89 5.91 6.05
cl 0 1 0.13 0
RFR ($MT/nmi) | 0.001156 | 0.001265 | 0.001383 | 0.001253
#of TEU's 6266 5769 6111 6233
Displacement (T)| 114476.9 | 110730.6 | 111683.8 | 113533.3
SHP 29538.6 78923 28550.1 | 22332.8
GM 0.33 0.32 0.32 0.33

Example 1. The initid vaes ae the same with the B/D condraint activated. The
maximum vaue of this ratio is 20. Here the bdlas and length vaues go to thar
maximum to satisfy the GM condraint while dlowing a large NTy. C; is zero indicating a
full ship.

Example 2: The initid vaues are the same as example 1 except that the minimum vaue
for speed is sat a 25 knots. The resultant speed is at its lower bound. There is an increase
of 9.5% in the RFR, which is due to the increase in SHP by dmost 167%. The increase in
goeed from the previous example increases the SHP that in turn increases the annud fud
and machinery cods. This increase is reflected in the increase in RFR. G is 1.0 indicating
that a finer ship is achieved. This is done to decrease the resstance of the ship at higher
Speed.

Example 3: All the input varidbles are the same as example 1 except that the range is
decreased from 7000 nmi to 3500 nmi. All the parameters and design variables are
comparable to example 1 except the RFR. The RFR is higher by dmost 19.6%. As the
range is halved, the number of round trips in a year has increased but this increase is not
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directly proportiona with the decrease in range. As the cargo being carried is the same,
the port waiting time for both the ships is the same but tota time spent in the port
annualy is greater. The number of round trips is 26.67 as compared to 16.21 for example
1. Hence, cargo is carried for lesser distance as compared to example 1. The increase in
RFR isindicated by this difference.

Example 4: All input variables are the same as example 1 except that the cost of fud is
increased from $80/T to $120/T to reflect current bunker fud cods. In a bid to reduce
annud fuel codts, the optimizer reduces the speed of the ship by 7.5% and hence reduces
the RFR. The number of trips made in a year are now lesser than example 1 and hence
the there isan increase in RFR by 8.5%.

9.3
Table 9.3 isacompilation of the second set of examples: results with L/D condraint.

Exampleswith L/D congraint

Table 9.3: Reaults of optimization with L/D condraint

Parameters | Example 5| Example 6| Example 7| Example 8
Loa (m) 244.3 300 300 215.2
Beam (m) 43 43 43 43
Depth (m) 16.3 20 20.1 16.6
Draft (m) 12.4 11.8 15.3 12.5
Speed (knots))  16.3 18.1 16.7 16
Ballast (T) 0 0 17800 300
NTd 8.15 5.6 7.94 8.09
cl 0.24 0.17 0.2 0.29
RFR
(@M T/nmi) 0.000949 | 0.001177 | 0.000974 | 0.000996
D'Sp'?%me”t 87914.7 | 95851.4 | 134237.6 | 77597
SHP 19941.6 | 29617.2 | 26101.4 | 17750.3
GM 0.48 0.33 0.41 0.42
TEU 5724 5693 7391 5007

Example 5: In this example the maximum vaue dlowed for L/D is 15. There is a
decresse of 18% in the RFR in comparison with example 1. Even though the length is
lower in this example, the cogt of increasing depth is sgnificant. The \Alue of NTy is dso
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higher in this example. Contrary to earlier results, better RFR can be achieved with lesser
length without compromising transverse and structural Sability.

Example 6 The input variables are the same as example 5 except that length of the ship
is condrained at its upper bound of 300 m. It was thought that a larger ship, which will be
carrying a larger amount of cargo, would result in a better RFR. Contrary to expectations,
the optimizer chose to decrease NTy thereby increasing the RFR by 24%. The ship is not
able to carry more cargo on deck due to the GM condraint. The optimizer is not able to
recognize that balast can be added to reduce the CG of the ship and hence increasing the
GM. Fgure (7.2f) shows the insengdtivity of RFR to bdlast. As the L/D condrant is
more prominent that the GM condraint, the optimizer chooses to decrease NTy (to reduce
GM) rather than to increase ballast.

Example 7: The input conditions are Smilar to example 6 except that there is an initid
balast of 20000 T. In this case, the optimizer chose to increase NTy until the GM
congraint is satisfied. The RFR has dso decreased and is comparable to example 5.

Example 8: The input conditions are the same as example 5 with the exception that the
maximum value of L/D is set a 13. This is a more appropriate ratio in accordance with
Figure (4.2). This example proves that depth is a Sgnificant cost parameter to the overdl
desgn. Fgure (7.28) indicates the sendtivity of RFR to length and indicates tha RFR
decrease with increasng length. In spite of this factor, the optimizer prefers to decrease
length. The maximum vaue of L/D turns to be an important design condraint. The RFR

issmilar with example 5 and 7.

9.3  Secondary Optimization

As discussed in chapter (5) the cargo capacity is a stepwise discontinuous
function. Equations (5.1 - 54) indicate tha though the number of TEU's varies with
length, beam and draft (or NTy), it is not a continuous variable. Due to this, the optimizer
ends getting trapped within each step of the discontinuous step. As a result, the process of
optimization leads to many locd minima This prevents the optimizer from effectivey
cdculating the gradients of the objective and the condraint functions To counter this
effect, seps have been taken to make the cargo capacity function a smooth variation to
the desgn variables. Equations (5.5-5.6) indicate this capacity response surface to the
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desgn vaiables. Figure (5.1) illusrates the effect of the discontinuous function and the
continuous response surface in two dimensions.

The third st of examples deds with the effect of usng the origind Sepwise
discontinuous  function in lieu of the smooth response fit. This process is termed
secondary optimization and is provided as an option to the user once the primary
optimization is completed.

The process of secondary optimization can be interpreted as moving aong the
planes of a cube with the optimum point as the center of the cube. Figure (9.1) illugtrates

such acube.

- B | ||
l L]
Loa

Figure 9.1: Cubeillugtrating the process of secondary optimization
Key: 2 indicates the optimum point (center of cube)
] indicates a point to be searched for optimum.

Once the optimum point is found usng the linear response fit, the capacity
function is replaced with the stepwise discontinuous capacity function. The axes of the
cube are the dimensons of the ship — length, beam and depth. The dimensions of the cube
are determined by the bounds on these variables. It is made sure that the optimizer does
not go to points that are beyond the initiad bounds set by the user. The bounds are aso
determined by step Sizes as indicated here. Each step is determined by the dimensions of
the container that is being used to carry the cargo. The containers are measured in TEU'S
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(Twenty Foot Equivdent Unit, 6.1m x 244m x 244 m). Hence, the sep in dther
dimenson is never more than the dimensons of the container in each direction. Though,
the points are present for convenience, the optimizer is free to move in any direction in a
gngle plane. The number of TEU's actudly does not remain condant even though the
dimensons of the ship are. The number of TEU's dso depends on the block coefficient,
which is free to vary. These points represent possible plateaus where the optimizer has to
perform the process of optimization within the given bounds It is convenient to just
check these plateaus because, typicdly, the optimum will be near the lower limit of
length and beam for any TEU capacity plateau since this will the least expensve ship to
build and operate for its cargo capacity. If a congraint is violated aong the process of
resching any of the plateau points the optimizer terminates the optimization dong the
plane. The process is then carried out in other possble plateaus with the new side bound.
If a point is found tha has lower RFR than the initid optimum, then secondary
optimization is performed around this new point. A new cube is formed around this point
with new sde bounds. All plateaus that might represent a sep up or down in the three
dimensons have to be checked. The formulation of the process of secondary optimization
aso makes sure that redundant points are not checked. Points are dso checked for
condraint violations and initid bounds st for the user. The process is continued until a
feasble point with the lowest RFR is found and verified with its neighboring domain.

Table (94) is an example of the process of secondary optimization. The
converged point is liged in the firg column. The optimizer has determined the next
optimum (lower RFR) by stepping down in the length and beam directions. Now a cube
isformed around this point that has alower RFR than the initid convergence point.

In Table (9.4), though there are 26 points around the secondary optimum (sec 1),
17 of them have been neglected because of violated condraints and sde bounds. The

lowest RFR is obtained in the case of sec 1 and is presented to the user asthe find result.
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Table 9.4: Results of Secondary optimization.

Parameters First Sec 1 Sec 2 Sec 3 Sec 4 Sec 5 Sec 6 Sec 7 Sec 8 Sec 9
Loa (m) 299.9 294.7 294.6 288.4 294.6 294.7 288.4 288.3 294.7 288.3
Beam (m) 43 42.7 43 42.7 42.6 42.7 42.7 42.7 41.5 41.5
Depth (m) 21.5 21.4 23.8 21.4 21.4 21.3 21.4 21.3 20.7 20.7
Draft (m) 11.4 11.7 11.8 11.8 11.4 11.4 11.4 11.4 11.1 11.1
Speed (knots) 19.2 19 18.7 19.1 17.9 17.5 15.9 18.1 18.5 18.6
Ballast (T) 720 730 740 760 930 880 1003 730 1250 740
NTd 5.06 5.21 3.84 5.23 5.1 5.43 5.12 5.42 5.09 5.11

cl 0 0 0.1 0 0.01 0 0 0 0 0

RFR ($/nmi/MT) 0.001172 | 0.001124 0.00128 0.001133 | 0.001164 | 0.001165 | 0.001198 | 0.001172 [ 0.00118 0.00119

Displacement (T) | 101832.8 102946 100092.7 | 101004.5 99581.3 99773.5 97261.9 97753.7 94269.6 92445.7
# TEU's 5821 5991 5518 5874 5760 5771 5645 5635 5407 5300

SHP 32031.7 30431.6 28823.2 31005.7 24759.3 23236.3 16891.2 25760.3 26697.1 27203.3

Cb 0.6972 0.6939 0.6878 0.6943 0.6948 0.6966 0.6968 0.6965 0.696 0.6964

L Lower Bound 130 294.6 294.6 288.2 294.6 294.6 288.2 288.2 294.6 288.2
L Upper Bound 300 300 300 294.6 300 300 294.6 294.6 300 294.6
B Lower Bound 15 42.7 42.7 42.7 41.5 42.7 41.5 42.7 41.5 41.5
B Upper Bound 43 43 43 43 42.7 43 42.7 43 42.7 42.7
D Lower Bound 4 21.4 23.8 21.4 21.4 18.9 21.4 18.9 18.9 18.9
D Upper Bound 35 23.8 26.2 23.8 23.8 21.3 23.8 21.3 21.3 21.3




Chapter 10: Conclusonsand Future Work

10.1 Condusons:

A prototype MDO tool is developed based on Microsoft's COM framework using
ATL. With this desgn, the modules can be modified with minimum programming effort.
The user interface gives the user flexibility to manipulate rdevant parameters that affect
the desgn. A geometric shgpe manipulation scheme is developed in which the hull form
was generated by blending two hull forms. This MDO tool is used to desgn a container
ship with the required freight rate as the objective to be minimized. It is noticed that
without a dructurd congraint, the design tends towards one with maximum length and
beam. This led to unreasonably large ratios of B/D and L/D.

A B/D condraint is applied to the design to get a better structural design. Results
with this condraint enabled have pointed in the direction of adding two other design
vaiables. This condraint increases the depth of the ship. With the increase in depth, the
center of gravity of the ship adso rises decreasing the GM of the ship. This lowering of
GM adversdly affects the GM condraint. The number of tiers on deck (NTg) is made a
desgn vaidble to enable the optimizer to have the flexibility of manipulaing the cargo
carying capacity. It was noticed that the ship is unable to have a high NTy because of the
violaion of the GM condraint. Hence, ballast has dso been added as a design variable to
reduce the center of gravity of the ship increesng the GM of the ship. This feaiure
enables the optimizer to carry greater cargo on deck improving the objective function.

An €ffort is made to andyze the efficacy of the MDO tool by varying various
parameters that affect the design. Technology factors have been introduced which give an
indght on effect of key parameters. They dso reflect on future desgn trends. Three
evduation tools sengtivity andyds, dpha plots and resat option have been
incorporated in the design process to gauge the results of optimization.

The effect of another dructurd condraint L/D was dso invedigaed. This
congraint tends to bring down the overdl length and is inconclusive in its results. Further
anayss of this condraint is needed to draw usable conclusons. The linear response
surface approximation was diminaed and the origind sepwise discontinuous TEU
cgpacity function is employed in the later examples.



It was found that the minimum of the required fright rate occurred at the lower
limits of length and beam on each TEU capacity platform. A sysematic search of TEU
plateaus in the vicinity of the primary optimum was necessary to define the secondary

optimum.

10.2 FutureWork:

1. Thenew dructura condraint L/D hasto be investigated further.

2. A new congraint has to be added to ensure that the vaue of bdlast is not above a
certain percentage of displacement.

3. Invedigations of Examples should be done with other basis ships.

4. It was noticed that the RFR has very high sengtivity to the depth of the ship. A
gmdl increase in depth increases the RFR digproportionately. This condition is
attributed to the weight module. A different weight andyss has to be developed

to improve the sengtivity.
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